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Su, Lin (Ph.D., Atmospheric and Oceanic Sciences) 
Dust Aerosols Investigated Using an Integrated Microphysical-Climate-
Radiation Model 
Thesis directed by Professor Owen B. Toon 
 
I have developed a three-dimensional coupled microphysical-climate-radiation 
model based on the National Center for Atmospheric Research (NCAR) Community 
Atmospheres Model (CAM3.0 and CAM5.0) and the University of Colorado/NASA 
Community Aerosol and Radiation Model for Atmospheres (CARMA2.3 and 
CARMA3.0). The model has been used to investigate the sources, removal 
processes, transport, optical properties, and radiative effects of Asian dust aerosols 
on climate.  
In the initial project, a A Weibull distribution is implemented to estimate the 
sub-grid scale wind speed variability. The dust AOD agrees well with AERONET data 
and the timing of dust events is comparable to the National Institute for Environmental 
Studies (NIES) lidar data in Beijing and Nagasaki.  
In the second project, the simulated properties of atmospheric dust from the 
Saharan deserts and the Asian deserts are compared using data from CALIPSO and 
AERONET during 2006 and 2007. In my model the yearly horizontal dust flux just 
downwind of the African dust source is about 1088 Tg (10S-40N, 10W) and from the 
Asian dust source it is about 355 Tg (25N-55N, 105E) in 2007. I find the difference in 
dust flux is mainly due to the larger area over which dust is lifted in Africa than Asia. 
However, Africa also has stronger winds in some seasons. Some previous studies 
suggested that the observed descent of Saharan dust is due to sedimentation of the 
particles, but my work and satellite data show instead it is dominated by meteorology. 
I find the size distributions of Asian and African dust are similar when the dust is lifted, 
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but the mode size can differ and secondary size modes can develop probably due to 
differences in vertical wind velocities during transport.  
The importance of the uncertainty in the single scattering albedo (SSA) to the 
radiative effects of dust on the climate of China is explored in my final project through 
two case studies based on the modeled and observed solar diffuse fluxes/irradiances 
at the surface. We employ Mie theory and the refractive indices of Shi et al. (2005) as 
an initial case, but then scale the refractive indices to consider more absorbing 
aerosols as suggested in Ge et al. (2011). The different SSA based on the scattering 
theory over East Asia are derived, which directly result in negative (case-Shi) or 
positive (case-Ge) shortwave fluxes at the Top of the Atmosphere (TOA). The 
shortwave heating rates in the atmosphere are also different due to dust radiative 
forcing. The integrated three-dimensional microphysical-climate-radiation model used 
in this study allows us to consider interactions with the local surface albedo and 
emissivity, evolution of the size distribution in time, the vertical distribution of the dust 
as well as transport of dust aerosols vertically and horizontally.  
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                                                     Chapter 1 
 
                                                   Introduction 
 
 Mineral dust is an important component of atmospheric pollution [VanCuren, 2003] 
and affects climate through its impact on the radiation budget [Sokolik and Toon, 1996; 
Kaufman et al., 2001]. The mineral dust mass flux from Asia is about 100-200 Tg per year, 
which is approximately 10% of the total annual global dust emissions [IPCC, 2001]. IPCC 
[2007] reported about 800 Tg/year of Asian dust emissions, of which 30% is removed very 
near the dust sources and 70% is subject to regional and long-range transport. The 
Taklamakan and Gobi Desert are the two major sources of Asian dust emissions [Uno et 
al., 2005]. Asian dust can be transported over global scales [Clarke et al., 2001; Grousset 
et al., 2003]. Satellite images (such as from SeaWiFS and MODIS) often reveal dust 
plumes being transported over intercontinental distances [Husar et al., 2001; Hsu et al., 
2006]. Thus Asian dust affects the regions downwind of the dust sources, such as the 
populated areas of China, Japan and Korea. Studies also have shown that Asian dust 
influences elevated sites in the Western United States [VanCuren, 2003].  
Dust plays an important role in the atmospheric global circulation (Dunion and 
Velden, 2004; Wu, 2007), air pollution (Prospero, 1999; VanCuren, 2003), biogeochemical 
processes (Duce et al., 1991; Martin et al., 1994; Shinn et al., 2000), radiative budget 
(Sokolik and Toon, 1996; Kaufman et al., 2001), and human health (IPCC, 2007). Dust 
varies over short time scales and geologic time (Rea et al., 1985). 
Numerous model simulations of Asian dust storms have been conducted over the 
past two decades and several limitations have been identified based on comparisons of the 
existing modeling results and observations. For example, simulations with a regional scale 
meteorology and dust transport model applied to Asia have indicated the difficulty in 
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capturing the timing and magnitude of known dust events [Uno et al., 2005]. A comparison 
of eight dust emission/transport models over Asia showed great discrepancies among the 
models of the dust emission fluxes over Asian dust source regions (e.g., Taklamakan 
Desert and Mongolia) [Uno et al., 2006]. Uno et al. [2006] also indicated the modeling of 
dust transport and deposition processes between China and Japan needs to be improved 
and a better understanding of dust long-range transport is needed.  
My goal in the first part of this study is to use our best understanding of dust 
emission, transport, and deposition processes to simulate the downwind distributions of 
Asian dust using a new numerical model that combines a three-dimensional coupled 
climate model (CAM3) [Collins et al., 2004] and a microphysical model (CARMA2.3) [Toon 
et al., 1988; Jensen et al., 1994; Ackerman et al., 1995]. We test this new model primarily 
against data on the dust optical properties, such as aerosol optical depth (AOD), single 
scattering albedo (SSA), and vertical extinction, which are essential to properly simulate the 
aerosol impact on Earth’s radiation budget and climate. Our focus here is primarily on in 
situ data. We plan a later comparison with satellite observations, many of which are not 
available for the time frame of this study.  
          In the first part of this study, I use a three-dimensional coupled climate model 
(CAM3) and a microphysical model (CARMA2.3) [Bardeen et al., 2008] to simulate the 
evolution of the mineral dust aerosols primarily during the fourth Aerosol 
Characterization Experiments (ACE-Asia field campaign). I run CAM3 in an offline mode 
in this study. Several dust transport models have been used to investigate the dust 
aerosols from the ACE-Asia field campaign [e.g., Chin et al., 2003, 2004; Uno et al., 
2002, 2004; Carmichael et al., 2003; Gong et al., 2003; Shimizu et al., 2004]. CAM3 has 
previously been used to study dust transport, in the context of climate simulations using 
a small number of size bins [Mahowald et al., 2006]. The sectional aerosol model 
(CARMA2.3) allows us to define as many particle size bins as needed. The model is 
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driven by assimilated meteorology from the NCEP/NCAR reanalyses [Kalnay et al., 
1996]; that is, the model is driven by observed wind fields to study the real-time Asian 
dust storm events. We validate the simulations against observations from ACE-Asia 
[Huebert et al., 2003]. 
We incorporate the Ginoux et al. [2001] dust source scheme into the coupled 
CAM3/CARMA2.3 model. The Ginoux et al. [2001] dust source function is one of a class 
of dust lifting schemes in which the dust vertical emission rate is parameterized in terms 
of the wind speed [Tegen and Fung, 1994; Mahowald et al., 1999; Ginoux et al., 2001]. 
Another type of model parameterizes the dust vertical flux in terms of friction velocity 
[Marticorena et al., 1997; Schulz et al., 1998; Zender et al., 2003a]. These dust emission 
schemes account for the dust particle size distribution and also parameterize dust 
emission by the saltation-sandblasting process. Saltation is the process that initiates a 
bouncing motion of coarse particles (the saltators) along the ground. These particles are 
too large to be suspended, but they eject smaller particles. The latter process is called 
sandblasting [Gomes et al., 1990; Shao and Raupach, 1993; Alfaro et al., 1997; Alfaro et 
al., 1998; Shao and Lu, 2000; Alfaro and Gomes, 2001; Grini and Zender, 2004]. We 
modified the Ginoux et al. [2001] dust source function by replacing the 10-m wind speed 
with the friction velocity, which is directly related to the surface wind stress that controls 
mineral dust lifting. We also account for various factors important in sandblasting, such 
as soil moisture.  
The Saharan desert is the largest and most continuous dust source in the world. 
Saharan dust can be transported across the tropical North Atlantic and into the 
Caribbean region as well as into Europe (Prospero and Carlson, 1972; Prospero, 1996; 
Colarco et al., 2002; Colarco et al., 2003a,b; Toon, 2003; Liu et al., 2008; Generoso et 
al., 2008). Especially in summer large amounts of Saharan dust are transported across 
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the Atlantic Ocean, which is dominated by the Azores High, and arrive in the Caribbean 
Sea (Doherty et al., 2008).  
The Taklimakan and Gobi deserts are the major dust sources in Asia (Uno et al., 
2005). Asian dust can be transported over the North Pacific Ocean and reach Midway 
and North America (Duce et al., 1980; Shaw, 1980; Betzer et al., 1988; Clarke et al., 
2001; Husar et al., 2001; Tratt et al., 2001; Huang et al., 2008; Eguchi et al., 2009; Su 
and Toon, 2009). Asian dust also can be transported over global scales (Clarke et al., 
2001; Grousset et al., 2003; Uno et al., 2009).   
In the second part of this study, we refer to all of the major dust lifting regions in 
Africa and Asia as Saharan or Asian deserts. These dust lifting regions for Asia can be 
seen from the dust flux maps given in Su and Toon (2009). 
Recently, special attention has been paid to Saharan dust in field campaigns 
such as the Puerto Rico Dust Experiment (PRIDE) (Reid et al., 2002; Reid et al., 2003b; 
Maring et al., 2003; Colarco et al., 2003a,b), the Dust And Biomass EXperiment 
(DABEX) (Osborne et al., 2008), the SAharan Mineral dUst experiMent (SAMUM) 
(Heintzenberg, 2008;  Knippertz et al., 2008;  Muller et al., 2008), the African Monsoon 
Multidisciplinary Analysis (AMMA) (Rajot et al., 2008;  Heese and Wiegner, 2008; 
Haywood et al., 2008), and the GERB Intercomparison of Longwave and Shortwave 
radiation (GERBILS) (Haywood et al., 2005; Marsham et al., 2008). Saharan dust has 
been studied through model simulations (Marticorena et al., 1997; Colarco et al., 2002; 
Colarco et al., 2003a,b; Maring et al., 2003; Liu et al., 2008; Generoso et al., 2008), and 
satellite retrievals (Liu D. et al., 2008; Liu Z. et al., 2008b; Generoso et al., 2008; Cuesta 
et al., 2009).  
Several field campaigns have been also conducted regarding Asian dust 
aerosols including the Aerosol Characterization Experiments (ACE-Asia) (Huebert et al., 
2003; Seinfeld et al., 2004), the Indian Ocean Experiment (INDOEX) (Ramanathan et 
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al., 2001, Rasch et al., 2001]), the TRAnsport and Chemical Evolution over the Pacific 
experiment (TRACE-P) (Carmichael et al., 2003; Jacob et al., 2003), the Intercontinental 
Chemical Transport Experiment Phase B (INTEX-B) (Arellano et al., 2007; McKendry et 
al., 2008), and the PACific Dust EXperiment (PACDEX) (Stith et al., 2008).  Asian dust 
also has been investigated through model simulations (Tegen and Fung, 1994; Schulz et 
al., 1998; Mahowald et al., 1999, 2006; Ginoux et al., 2001; Uno et al., 2002, 2004, 
2008, 2009; Carmichael et al., 2003; Chin et al., 2003, 2004; Gong et al., 2003; Zender 
et al., 2003a; Shimizu et al., 2004; Shao and Dong, 2006; Huang et al., 2009; Su and 
Toon, 2009), and satellite retrievals (Huang et al., 2007; Huang et al., 2008; Liu et al., 
2008; Uno et al., 2008).   
Most studies have focused on either Saharan dust or Asian dust. Here we 
investigate the differences and similarities in dust lifting, dust removal processes, 
seasonal variations, transport mechanisms, and physical properties between Saharan 
dust and Asian dust using satellite data such as CALIPSO, ground-based data such as 
AERONET, and numerical models.  
Numerous satellite observations have been made of Saharan and Asian dust. 
Here we focus on data from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 
Observation (CALIPSO). CALIPSO was launched in April 2006 (Liu et al., 2006; Winker 
et al., 2007). The Cloud –Aerosol Lidar with Orthogonal Polarization (CALIOP), on 
CALIPSO, is a two-wavelength (532 and 1064 nm), polarization-sensitive (at 532 nm) 
instrument.  CALIOP provides substantial and unique information on vertical and 
geographical distributions of clouds and aerosols. CALIOP conducts nearly continuous 
observations of height-resolved attenuated backscatter over the globe (Sassen 2000; 
Winker et al., 2003; Winker et al., 2010). 
The Aerosol Robotic NETwork (AERONET) is a globally distributed remote 
sensing aerosol-monitoring network of ground-based sun photometers that measure sun 
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and sky radiances in 16 spectral channels (340-1640 nm) (Holben et al., 1998).  
AERONET provides observations of aerosol optical depth (AOD), inversion products 
such as size distribution and single scattering albedo, and precipitable water.  We use 
the cloud-screened and quality-assured AERONET Level 2.0 data in this study (Smirnov 
et al., 2000). 
Numerical modeling of dust aerosols is essential for climate studies, and to better 
understand the behavior of the dust aerosols in the atmosphere. We use a coupled 
three-dimensional climate-microphysical sectional model, which is capable of simulating 
the mineral dust aerosols (Su and Toon, 2009) to explore the differences between 
atmospheric dust from the Saharan deserts and from the Asian deserts. 
The various observations and models have led to a number of questions about 
Asian and African dust. It is clear from satellite observations that the dust optical depth is 
generally larger over the Atlantic, than over the Pacific. Is this difference due to more 
dust being lifted over Africa, to more dust being removed over the Pacific, to seasonality 
in dust lifting, or to other factors?  Is the size distribution of dust downwind of African or 
Asian dust sources different, or the same so that it can be modeled using the same dust 
source functions? Are the dust optical properties different between Asian and African 
dust, and if so are the differences related to dust composition, or to particle size? Do the 
same mechanisms control dust transport in the two regions of the world? For instance, 
Saharan dust is observed to descend when crossing the Atlantic. Is this descent due to 
sedimentation, so Asian dust should also descend, or to air motions which may differ?  
Does the different meteorology of Africa and Asia lead to differences in the vertical 
distribution of the two types of dust? We seek to answer these questions in the second 
part of this study. 
East Asia has high aerosol optical depths that result partly from air pollution, and 
partly from desert dust. In the third part of this study, we explore the role that dust plays 
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in the climate and radiation budget of China, and the surrounding countries. There are 
large uncertainties in estimating the radiative effects of dust on climate. Dust affects both 
the longwave and shortwave radiation because dust particles are relatively large. The 
net radiative forcing could be either negative or positive depending on the surface 
albedo, dust vertical distribution, and various optical properties of dust aerosols (Liao 
and Seinfeld, 1998). Dust generation responds to changes in weather and climate since 
wind speed and soil moisture are critical in controlling dust lifting. Likewise, it is possible 
that weather and climate may respond to dust amount. We use a microphysical-climate-
radiation model to attempt to limit some of these uncertainties and gain a better 
understanding of the role of dust in the climate of China.   
Several studies have previously considered the effects of dust on the radiation 
budget of China, and have identified the single scattering albedo (SSA) as especially 
critical to quantifying the radiation budget. Huang et al. (2009) used data from Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and Cloud and 
the Earth’s Energy Budget Scanner (CERES) to constrain radiative transfer calculations 
and found the net radiative heating rate could reach 5.5 K day-1 at 5 km with a typical 
value of 1-3 K day-1 in dust layers over the Taklimakan desert in Asia. They also found 
that the net radiative forcing at the top of the atmosphere (TOA) was positive (warming) 
and that longwave radiation contributed two-thirds of the radiative forcing. About 90% of 
the atmospheric warming was contributed by shortwave radiation. There were the similar 
radiative effects at the surface where longwave warming offset about one third of the 
shortwave cooling.  
Huang et al.’s (2009) conclusion that TOA net forcing is positive depends on 
assuming a relatively low value of SSA of about 0.89 at a wavelength of 0.67 um over 
the Taklimakan desert. Ge et al. (2011) used ground-based instruments to determine 
that the single scattering albedo was about 0.83, which is even lower than suggested by 
 8 
Huang etal. (2009). These SSA values are much lower than suggested in previous 
studies of desert dust around the world. Forster et al. (2007) suggested a global mean 
SSA of 0.96 for desert dust based on spectrally dependent, simultaneous remote and in 
situ observations. Dubovik et al. (2002) gave an average SSA of 0.95 at 0.67um based 
on long-term AERONET observations over the Saharan desert. Mikama et al. (2006) 
suggested a SSA value of 0.93 over the Asian desert during the Aeolian Dust 
Experiments on Climate (ADEC). Su and Toon (2011) used a small set of AERONET 
observations to suggest the SSA of the Saharan dust may be about 0.035 lower than 
Asian dust. The values in the study of Su and Toon (2011) at 0.67 µm were about 0.96 
for Asian dust. However, the single scattering albedo is wavelength dependent and 
reaches much lower values below 0.5 µm. All these relatively high SSA will result in 
different shortwave radiative forcing compared with Huang et al. (2009) and Ge et al. 
(2011). 
An alternative approach to determining the SSA instead of using optical 
observations, is to use wavelength dependent refractive indices measured for dust 
samples together with scattering theory to determine the SSA for different sized 
particles. Generally, climate models use this approach since the radiative properties are 
usually not available for all possible circumstances. For example, the SSA is directly 
dependent on dust size distributions that vary in space and time. Dust optical properties 
are very sensitive to small dust particles (0.1-1.0 um diameter) because of their larger 
scattering and absorbing cross sections per unit mass relative to large particles (Claquin 
et al., 1998; Seinfeld and Pandis, 1998).  Su and Toon (2009, 2011) reproduced 
observed dust size distributions using the coupled climate-microphysical model, 
CAM3/CARMA2.3, with 16 dust size bins having central radius covering the range from 
0.1 to 10 µm. Using refractive indices from AERONET observations, the computed 
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wavelength dependent SSA were close to those derived by AERONET. Claquin et al. 
(1998) argued that using the refractive indices for a few wavelength or using wavelength 
averaged ones would bring large errors in calculating radiative fluxes so computing 
wavelength dependent values is important. The refractive indices depend on 
composition, which can vary between various regions (Sokolik and Toon, 1996; Claquin 
et al., 1998; Shi et al., 2005).  Shi et al. (2005) provided an updated dataset of refractive 
indices for a wide spectral range (about 0.1 to 100 µm) representing East Asia dust 
based on the dust collected from the Taklimakan desert. Shi et al. (2005) used a simple 
single radiative-convective model to simulate dust radiative fluxes with specified 
dynamics and surface albedo. Their size distribution and refractive indices yield SSA 
near 0.94, which is on the high side of the range that is suggested by observations. 
 In the third part of this study, I explore the importance of the uncertainty in the 
SSA to the radiative effects of dust on the climate of China. I employ Mie theory and the 
refractive indices of Shi et al. (2005) as an initial case, but then scale the refractive 
indices to consider more absorbing aerosols as suggested in Ge et al. (2011). The 
integrated three-dimensional microphysical-climate-radiation model used in this study 
allows us to consider interactions with the local surface albedo and emissivity, evolution 
of the size distribution in time, the vertical distribution of the dust as well as transport of 
dust aerosols vertically and horizontally.  
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                                                  Chapter 2  
 
      Numerical Simulations of Asian Dust Storm Using a Coupled Climate-  
                                    Aerosol Microphysical Model 
 
 
2.1    Introduction 
 
 This chapter focuses on modeling the emission, transport, removal, and optical 
properties of dust aerosols over Asian area. The work has been published as Su and Toon 
(2009). Mineral dust is an important component of atmospheric pollution [VanCuren, 2003] 
and affects climate through its impact on the radiation budget [Sokolik and Toon, 1996; 
Kaufman et al., 2001]. The mineral dust mass flux from Asia is about 100-200 Tg per year, 
which is approximately 10% of total annual global dust emissions [IPCC, 2001]. IPCC 
[2007] reported about 800 Tg/year of Asian dust emissions, of which 30% is removed very 
near the dust sources and 70% is subject to regional and long-range transport. The 
Taklamakan and Gobi Desert are the two major sources of Asian dust emissions [Uno et 
al., 2005]. Asian dust can be transported over global scales [Clarke et al., 2001; Grousset 
et al., 2003]. Satellite images (such as from SeaWiFS and MODIS) often reveal dust 
plumes being transported over intercontinental distances [Husar et al., 2001; Hsu et al., 
2006]. Thus Asian dust affects the regions downwind of the dust sources, such as the 
populated areas of China, Japan and Korea. Studies also have shown that Asian dust 
influences elevated sites in the Western United States [VanCuren, 2003].  
Numerous model simulations of Asian dust storms have been conducted over the 
past two decades and several limitations have been identified based on comparisons of the 
existing modeling results and observations. For example, simulations with a regional scale 
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meteorology and dust transport model applied to Asia have indicated the difficulty in 
capturing the timing and magnitude of known dust events [Uno et al., 2005]. A comparison 
of eight dust emission/transport models over Asia showed great discrepancies among the 
models of the dust emission fluxes over Asian dust source regions (e.g., Taklamakan 
Desert and Mongolia) [Uno et al., 2006]. Uno et al. [2006] also indicated the modeling of 
dust transport and deposition processes between China and Japan needs to be improved 
and a better understanding of dust long-range transport is needed.  
Our goal in this chapter is to use our best understanding of dust emission, transport, 
and deposition processes to simulate the downwind distributions of Asian dust using a new 
numerical model that combines a three-dimensional coupled climate model (CAM3) [Collins 
et al., 2004] and a microphysical model (CARMA2.3) [Toon et al., 1988; Jensen et al., 
1994; Ackerman et al., 1995]. We test this new model primarily against data on the dust 
optical properties, such as aerosol optical depth (AOD), single scattering albedo (SSA), and 
vertical extinction, which are essential to properly simulate the aerosol impact on Earth’s 
radiation budget and climate. Our focus here is primarily on in situ data. We plan a later 
comparison with satellite observations, many of which are not available for the time frame 
of this study.  
          In this chapter, we use a three-dimensional coupled climate model (CAM3) and a 
microphysical model (CARMA2.3) [Bardeen et al., 2008] to simulate the evolution of the 
mineral dust aerosols primarily during the fourth Aerosol Characterization Experiments 
(ACE-Asia field campaign). We run CAM3 in an offline mode in this study. Several dust 
transport models have been used to investigate the dust aerosols from the ACE-Asia 
field campaign [e.g., Chin et al., 2003, 2004; Uno et al., 2002, 2004; Carmichael et al., 
2003; Gong et al., 2003; Shimizu et al., 2004]. CAM3 has previously been used to study 
dust transport, in the context of climate simulations using a small number of size bins 
[Mahowald et al., 2006]. The sectional aerosol model (CARMA2.3) allows us to define as 
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many particle size bins as needed. The model is driven by assimilated meteorology from 
the NCEP/NCAR reanalyses [Kalnay et al., 1996]; that is, the model is driven by 
observed wind fields to study the real-time Asian dust storm events. We validate the 
simulations against observations from ACE-Asia [Huebert et al., 2003]. 
 We incorporate the Ginoux et al. [2001] dust source scheme into the coupled 
CAM3/CARMA2.3 model. The Ginoux et al. [2001] dust source function is one of a class 
of dust lifting schemes in which the dust vertical emission rate is parameterized in terms 
of the wind speed [Tegen and Fung, 1994; Mahowald et al., 1999; Ginoux et al., 2001]. 
Another type of model parameterizes the dust vertical flux in terms of friction velocity 
[Marticorena et al., 1997; Schulz et al., 1998; Zender et al., 2003a]. These dust emission 
schemes account for the dust particle size distribution and also parameterize dust 
emission by the saltation-sandblasting process. Saltation is the process that initiates a 
bouncing motion of coarse particles (the saltators) along the ground. These particles are 
too large to be suspended, but they eject smaller particles. The latter process is called 
sandblasting [Gomes et al., 1990; Shao and Raupach, 1993; Alfaro et al., 1997; Alfaro et 
al., 1998; Shao and Lu, 2000; Alfaro and Gomes, 2001; Grini and Zender, 2004]. We 
modified the Ginoux et al. [2001] dust source function by replacing the 10-m wind speed 
with the friction velocity, which is directly related to the surface wind stress that controls 
mineral dust lifting. We also account for various factors important in sandblasting, such 
as soil moisture. 
 
2.2 Model Description 
 
2.2.1 Model Configuration 
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We have developed a three-dimensional coupled microphysical/climate model, 
which combines CARMA 2.3 and CAM3. The model we are using includes mineral dust 
sources, as well as dust removal and transport processes. CAM3 is a three-dimensional 
climate model that can be driven by off-line winds to simulate particular dust storms. The 
dynamical model is from NCAR and it has been applied previously to study the impact of 
mineral aerosols on climate [Mahowald et al., 2006]. The model includes three different 
solutions for the dynamical equations: Eulerian spectral, semi-Lagrangian, and Finite-
Volume formulations. In this study, we choose the Finite-Volume (FV) dynamical core of 
CAM3 for the Asian dust simulations. The FV horizontal discretization is based on the 
flux-form semi-Lagrangian scheme, which is a conservative dynamical scheme for 
tracers as described by Lin and Rood [1996].  
CARMA2.3 is a bin based aerosol model. By incorporating CARMA2.3 into 
CAM3, we allow binned microphysics studies within the CAM3 framework.  Here we 
configure CARMA2.3 as a column model and treat the CARMA2.3 domain with the same 
grid as CAM3. Once we turn on the CARMA2.3 flag, the model advances the 
microphysics state one time step, and the new values from the CARMA2.3 state are 
then stored in the CAM3 state, and so on and so forth. CARMA2.3, as a non-interactive 
physics package in MATCH (NCAR Model for Atmospheric Transport and Chemistry) 
[Rasch et al., 1997], has been used for Sahara dust simulations including the dust 
source, transport, deposition and optical properties [Colarco et al., 2002; Colarco et al., 
2003a, b]. 
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We have also coupled the new version of the Community Land Model 3.0 
(CLM3.0) [Dickinson et al., 2006] from NCAR into our dust model. A new formulation 
was implemented in CLM3.0 that provides for variable aerodynamic resistance with 
canopy density, which is related to the dry deposition velocity calculations in our dust 
model.  
 
 
 
 
 
 
Figure 2.1 Model flow chart used in this study. We configured the coupled 
CAM3/CARMA2.3 model with a horizontal resolution of 2o x 2.5o and 28 vertical 
model layers. We also set eight dust size bins from 0.1 to 10 mµ   to parameterize the 
Ginoux et al. [2001] dust source function. These dust size bins are defined as 
advected constituents in CAM3.  
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Figure 2.1 shows the flow chart for the model used in this chapter. We configured 
the coupled CAM3/CARMA2.3 model with a horizontal resolution of 2o x 2.5o, and 28 
hybrid vertical model layers from the surface to around 40 km. We also used eight dust 
size bins with central radius spanning the range from 0.1 to 10 mµ  to parameterize the 
Ginoux et al. [2001] dust source function as discussed below. The concentrations of the 
dust in these size bins are defined as advected constituents in CAM3. CAM3 is 
responsible for the vertical diffusion, advection, convection, boundary layer mixing, wet 
deposition and dry deposition. CARMA2.3 simulates dust emission, dust particle 
sedimentation and sets up the dust size bins. The model output includes the dust mass 
mixing ratio, which is calculated from CAM3. We added the dust concentration, dust 
AOD, dust SSA, and vertical extinction as output parameters for comparison with data. 
All these variables are computed online in the model run.   
To study the dust events during the ACE-Asia period, we drive the coupled 
CAM3/CARMA2.3 model with data from the NCEP reanalyses. We use the prescribed 
(or offline) meteorological fields, rather than compute the dynamical fields from first 
principles. The NCEP data update every 6 hours, and then CAM3 interpolates the 
meteorological fields to CAM3 for each time step (every 30 minutes in this study).  
 
2.2.2 Surface Stress and 10-m Wind in Dust Flux Expressions 
 
Dust lifting is not physically driven by the wind at 10-m, but by the surface stress, 
often represented in terms of the friction wind velocity. The relationship between 10-m 
wind speed and friction velocity depends on (i) atmospheric stability and (ii) surface 
characteristics (e.g., roughness length). The motion of dust particles is initiated when the 
wind exceeds some threshold such that the force exerted by the wind overcomes the 
gravitational force and inter-particle cohesive forces on the grains [Marticorena and 
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Bergametti, 1995].  The parameterization of dust emission should be based on wind 
erosion theory and the saltation-sandblasting process. The dust source formulation 
should include land surface conditions (such as the surface roughness features) and 
atmospheric stability effects. A previous study [Liu and Westphal, 2001] compared two 
model simulations using friction velocity and the 10-m wind for the dust lifting. This study 
indicated that some dust lifting events would be missed using the 10-m wind. To further 
explore this issue, we parameterize the Ginoux et al. [2001] dust source scheme (see 
equation (1) and (2)) both using 10-m wind speed (called the 10m wind case) and friction 
velocity (called the ustar case) in this study. 
       if                          (2.1) 
                                   otherwise                      (2.2) 
where  is the dust flux at a particle size s,  is a dimensional factor, and which is 
model dependent,  is the dust source erodibility factor,   is a function that partitions 
the mass lifted into the size bins,  is the 10-m wind speed, and  is the threshold 
velocity.  Note that  can be adjusted to bring the model into general agreement with 
data, as discussed later in this chapter. Colarco et al. [2003a] choose  by tuning the 
total emissions to match the expected total mass for Sahara dust. We chose a  value 
of 0.12  for the case we refer to below as the friction velocity with Weibull wind 
distribution case (called ). This choice of  gives a total dust emission in Asia 
during the spring of 2001 of about 210 Tg. This mass is in the same range found by 
Gong et al. [2003].  The total dust emission in Asian area is 83.90 Tg in April of 2001 for 
friction velocity with Weibull wind distribution case. We also tuned the total dust emission 
of the 10m-wind case and the ustar case over Asian area to 83.90 Tg in April of 2001 
(Figure 2.2) to determine  values both for the 10-m wind case (called ) and the 
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ustar case (called ).  We have the following relationship for the three  values: 
. 
 Our land surface model from CAM3 has spatially varying surface roughness 
length (Figure 2.3). Accordingly, CAM3 calculated the friction velocity based on the bulk 
aerodynamic algorithm [Zeng et al., 1998; Zeng and Dickinson, 1998]. Basically, this 
algorithm accounts for two major factors: turbulent stability functions and roughness 
lengths. Stability in turn depends on factors such as wind speed gradient, temperature 
gradient, and humidity gradient. To introduce the friction velocity we replace the 10 
meter wind in the Ginoux formulation with the neutral stability formalism for the 10-m 
wind in terms of the friction velocity from CAM3, independent of stability that affect the 
10-m wind (see equation (3) and (4) [Stull, 1988; Masson et al., 2003]).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  Daily accumulated total dust emission simulated by the model over the Asian 
area (30_N–50_N, 75_E–130_E) in April 2001. The total dust emission in the Asian 
area is 83.90 Tg in April 2001 for the 10-m wind case, the friction velocity case, and the 
friction velocity with Weibull wind distribution case, respectively. 
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Hence in our model a given friction velocity (for a given surface roughness) always 
produces the same dust lifting flux.  
                                                                              (2.3) 
Here  is the 10-m drag coefficient under neutral condition, and we use the following 
assumption for : 
                                                                   (2.4) 
Here  is the von Karman constant and  is roughness length (Figure 2.3).  
 
   
 
 
 
 
 
 
 
 
 
To rephrase this point, our dynamical model computes a wind stress  (  in 
equation (3)) that is appropriate for the stability, and roughness (  in equation (4)) in 
each grid cell. The problem is that the Ginoux formulation uses , not , in its 
equations without regard to the surface properties or stability.  and   are not 
uniquely related to each other because of the dependence on stability. By replacing  
 
Figure 2.3 Surface roughness length calculated from the land surface model in CAM3, 
which is time-independent and globally distributed in the model. 
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with and a scaling factor that depends on , given in equation (3), the fluxes are the 
same for the same .  Liu and Westphal [2001] made a similar correction: in this case 
they defined the wind in the Ginoux formulation as 10.5 . We basically use the same 
idea, however, since our surface roughness varies with location we do not use a fixed 
value such as 10.5 to make the correction, but rather use a variable. The scaling factor 
( ) applied to u is unique for each grid cell since the roughness is unique for each grid 
cell in the model. In our formulation the flux will be the same using the surface stress or 
the ten-meter wind for neutral conditions. However, for other stabilities they will be 
different.  
 
2.2.3 Dust Erodibility Source Factor 
 
The dust source erodibility factor )10( << S  is the efficiency of the grid cell for 
dust lifting if the threshold wind velocity is exceeded. It is based on observations of 
TOMS Aerosol Index (AI). The TOMS satellite instrument is sensitive to UV-absorbing 
aerosols, such as mineral dust. The long-term TOMS observations show that the major 
dust source regions correspond to topographic depressions [Prospero at al., 2002]. The 
dust erodibility source factor used in this study accounts for the recently detected 
desertification in the Horqin Shadi desert in Inner Mongolia Province [Chin et al., 2003].  
Figure 2.4(a) shows the dust source factor S on 1o x 1o grids from Ginoux et al. [2001]. 
We interpolated the dust source factor S on 1o x 1o grids into 2o x 2.5o grids (Figure 
2.4(b)), which is consistent with our model resolution. We also modified the dust source 
function to account for the Horqin Shadi Desert (Paul Ginoux, private communication, 
2007). The major dust sources have been located including the Sahara Desert in Africa, 
the Gobi and Taklamakan Deserts in northwestern Asia, the dried lake basin in Australia, 
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and the Arabian Desert. Figure 2.5 magnifies the dust source erodibility factor 
)10( << S for Asia at a model resolution of 2o x 2.5o. The Gobi is the largest desert in 
Asia. The Taklamakan desert is in a large basin [Warner, 2004].  The Horqin Shadi 
desert is located in the eastern part of the province of Nei Mongol, China.  Previous 
model simulations using the Georgia Tech/Goddard Global Ozone Chemistry Aerosol 
Radiation and Transport (GOCART) model and the meteorological forecast fields from  
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the Goddard Earth Observing System data Assimilation System (GEOS DAS) 
during ACE-Asia showed a significant difference in the total dust emission between 
using the Ginoux et al. [2001] dust erodibility source factor and the modified one that 
accounted for the desertification areas over the Inner Mongolia Province in China [Chin 
et al., 2003].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 4 Dust source erodibility factor (0 < S < 1) in the Ginoux et al. [2001] dust emission 
scheme at two model horizontal resolutions: (a) 1x1 degree and (b) 2x2.5 degrees. We use 
the latter case, which is consistent with our model resolution. 
Figure 2.5 Dust source erodibility factor (0 < S < 1) in Asia for the Ginoux et al. 
[2001] dust emission scheme at a horizontal resolution of 2x 2.5 degrees, which is 
consistent with our model resolution. 
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2.2.4 Dust Bin Size Distribution 
 
CARMA2.3 is a sectional or bin microphysical model, which can be run with 
any number of particle size bins based on our scientific questions.  Small particles have 
small fall velocities. However, their optical properties are very sensitive to the particle 
size distribution. In this study, we used eight soil particle bins ranging from 0.1 to 10 mµ  
in radius to treat long-range transport, removal process, and optical properties of mineral 
dust generated from Asian dust storm events. For the larger four bins (in the range 1 - 
10  radius), we calculate the flux following Ginoux et al. [2001], where the parameter 
ss in that equation is 1/4 for each bin.  We treat the four smaller bins as a class and we 
calculate the flux following Ginoux et al. [2001] with ss  = 0.1 for this class.  This mass of 
dust is apportioned across the four smallest bins fractionally: 0.009, 0.081, 0.234, and 
0.676 in increasing bin size (the sum of those numbers is 1) [Tegen and Miller, 1998]. 
 
2.2.5 Threshold Velocity for Wind Erosion 
 
Several previous studies have chosen the threshold wind velocity to be constant 
[Tegen and Fung, 1994; Tegen and Miller, 1998; Liu and Westphal, 2001]. Ginoux et al. 
[2001] do consider the aerosol particle size distribution and soil moisture for their 
threshold wind speed; however, they may have underestimated the effect of cohesive 
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forces on small particles since their threshold velocity increases with increasing particle 
size. The relationship between soil particle size lifted and the threshold wind friction 
speed for saltation has been measured in wind tunnels [Shao et al., 1996].  Iversen and 
White [1982] and Marticorena and Bergametti [1995] addressed the effect of the inter-
particle cohesion forces to predict the saltation threshold friction velocity. However, they 
derived a parameterization for the threshold friction velocity over ideal smooth surface 
(no roughness or moisture effects). In this study, we use a size dependent velocity 
formulation based on Marticorena and Bergametti [1995], and the soil volume moisture 
correction from Ginoux et al. [2001] both for the 10-meter wind case and friction velocity 
case. The parameterization of threshold friction velocity from Marticorena and 
Bergametti [1995] can be used in the 10-meter wind case, which has been thoroughly 
discussed in Colarco et al. [2003a]. This point has also been verified by observations 
[Alfaro et al., 1998]. The new formulation used in this study includes the threshold 
velocity from Marticorena and Bergametti [1995] for each particle size bin and the 
surface wetness factor that is based on the volumetric soil water from the land surface 
model at a depth of 0.71006 cm. The threshold velocity is:  
If  then                 (2.5) 
Otherwise ∞=tu                                                                    (2.6) 
Here  *tu  is the threshold velocity of wind erosion from Marticorena and Bergametti 
[1995], and w  is the volumetric soil moisture ( )10 << w . It should be noted that we use 
equation (3) and (4) to replace  in Ginoux’s formulation to calculate dust emission 
based on equation (5) and (6). 
 
2.2.6 Weibull Wind Distribution 
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Another issue that is important to treat is the representation of the sub-grid scale 
velocity distribution.  This can be treated using Weibull wind distributions (called the wbl 
case). From previous dust lifting studies, it has been found that applying a wind gust 
distribution in the dust lifting schemes causes the lifting to be changed significantly, 
improving agreement between simulations and data [Westphal et al., 1988; Colarco et 
al., 2002; Grini and Zender, 2004]. This improvement occurs because at the coarse 
resolutions of typical global models the “mean” wind speeds at each grid cell do not 
represent the lifting process well. Previous studies have also shown that the 
considerable differences of the wind flow in the source regions between models result in 
significant differences in the dust emission flux [Uno et al., 2006]. In this study, we 
incorporated the Weibull distribution [Gillette and Passi, 1988] for the wind gust 
distribution to drive the dust source functions in the Ginoux et al. [2001] dust-lifting 
scheme. Following Justus et al. [1978] and Grini et al. [2005], a scale factor  (m s-1) 
in the probability distribution for wind speeds, PDF, is defined as follows: 
                                                   (2.7) 
where  
                                                                        (2.8) 
Where is the shape factor and  is the wind speed in PDF and the subscript  
denotes quantities at a  height 10-m and Γ is the gamma function.  The Ginoux et al. [2001] 
dust source function has the form: 
                                                                     (2.9) 
Where  is the 10 meter mean wind speed, and )(rF  is the part which is related to the dust 
bin sizes. After integrating formula (9) from the threshold wind velocity tu  to infinity, we got 
the Weibull distribution for the dust lifting schemes as follows: 
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                                   (2.10) 
Where n is the exponent in equation (9), and Γ  is the incomplete gamma function given by  
          ∫
∞ −−=Γ
z
ta dtetza 1),(                                                       (2.11) 
Combining equation (7), (8) and (10) with equation (3) and (4), we can easily 
calculate the dust emission when accounting for the friction velocity with Weibull wind 
distribution in the model. 
 
2.2.7 Parameterization of Removal Processes 
 
We will discuss two types of removal processes in this study: dry deposition (due 
to turbulent mixing and sedimentation near the surface) and wet deposition (scavenging 
by precipitation).  
For wet deposition, we use the existing scavenging parameterization described in 
Barth et al [2000] and Rasch et al [2001].  CAM3 calculates the wet deposition rate for 
aerosols separately from the trace gases. This is because trace gases are scavenged 
only by the liquid hydrometeors, whereas aerosols are also scavenged by snow. For 
temperature below 0oC, the scavenging is assumed to be all snow. CAM3 accounts for 
both below-cloud and in-cloud scavenging for each model layer. At temperature below -
20 oC, the cloud fraction is 100% ice. 
The below-cloud scavenging, which is size and composition independent, is 
expressed by the following relationship [Dana and Hales, 1976; Balkanski et al., 1993]:  
                                                                             (2.12) 
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where bcWL ,  is the mixing ratio loss rate by below-cloud scavenging, 0.1 is the collection 
efficiency per mm of rain, P  is the precipitation flux (mm h-1), and q  is the tracer mass 
mixing ratio.  
For in-cloud scavenging process (both convective and stratiform clouds), the 
aerosols can be removed both by rain and snow, in a manner that is size and 
composition independent. CAM3 assumes 30% of aerosol in a given size bin resides in 
cloud water, and 70% is interstitial and cannot be removed. The aerosol transferred from 
the cloud water to the precipitation is proportional to the fraction of cloud water that is 
converted to rain. Cloud water that is not converted to rain releases its aerosol at a 
prescribed evaporation rate. As the rain falls, the same evaporation rate is assumed 
both for rain and aerosol as in the in-cloud scavenging rate calculations. 
 
 
 
 
 
 
 
 
 
 
 
 
For dry deposition, we modified the Ginoux et al. [2001] dry deposition scheme 
for mineral dust based on the dry deposition process described in Seinfeld and Pandis 
 
Figure 2.6 Dust fall velocities as a function of altitude for each radius bin. 
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[1998] and Zhang et al. [2001]. The mineral dust particles are transported downward by 
gravitational settling which is treated by the CARMA2.3 advection algorithms. For coarse 
mode particles, the sedimentation dominates the removal whereas turbulent deposition 
removes fine mode particles. The dry deposition velocity includes two parts: 
sedimentation near the surface and turbulent mix-out.   For flows at low Reynold’s 
numbers (Re < 1), CARMA2.3 calculates the sedimentation fall velocities by Stokes law 
                                                             (2.13) 
where pρ  is the density of the particle,  r  is radius of particle,  g  is the acceleration of 
gravity, µ  is the dynamic viscosity of the air, and CunnC  is the slip (Cunningham) 
correction factor. For flows at high Reynold’s numbers (Re > 1), corrections are made 
following Prupacher and Klett [1997].  The particle fall velocities for each radius bin are 
shown in Figure 2.6. The fall or settling velocity is a function of particle size, density and 
air viscosity. The fall velocity in the lowest model layer is used as the sedimentation 
velocity near the surface for the dry deposition velocity calculations. The relatively small 
settling velocity in the lowest model layer is due to the relatively high air viscosity there.   
      The dry deposition velocities are calculated following Seinfeld & Pandis [1998] and 
Zhang et al. [2001]. The formulation is 
                          s
sbaba
d vvrrrr
v +
++
=
1
                                         (2.14) 
where ar  is the aerodynamic resistance, which is calculated in the CAM3 land surface 
model, br  is the quasi-laminar resistance, which is calculated following Zhang et al. 
[2001], and sv  is the sedimentation velocity in the lowest model layer.  
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 We calculate an effective dry deposition velocity following Ginoux et al. [2001], 
which is related to the soil moisture when the wind field is larger than the threshold wind 
velocity. If the soil is dry enough, the deposited dust may be re-suspended by the wind: 
                                  (2.15) 
                dd vv =ˆ       otherwise                                                        (2.16) 
wherew is the surface wetness. For the ustar case we have replaced mu10  and tu  by 
*u and tu*  under neutral conditions, respectively, based on the surface drag coefficient  
properties.  From this formula, one can see that if the wind is strong enough, there will 
be less dust removal if the surface is dry. Whereas over a wet surface, dvˆ  is close to dv .  
 
2.2.8 Modeled Optical Properties 
The optical properties of the model aerosols, such as the aerosol optical depth (AOD), 
the single scattering albedo (SSA), and the vertical extinction are simulated in our 
coupled CAM3/CARMA2.3 model for mineral dust. We used the real part of dust 
complex refractive index as 1.55 based on Liu et al. [2002], and for the imaginary part 
we use AERONET data near a major dust source region as discussed further below and 
shown in Figure 2.7. We use Mie theory following Dave [1968] and Toon and Ackerman 
[1981] as well as simulated particle size distributions from the CARMA2.3 model.  The 
equations we used for our optical properties study are: 
  AOD=                                (2.17) 
Aerosol extinction = ∫ drqzrNr ext),(2π                      (2.18) 
 SSA = 
ext
scat
τ
τ
ω =0                                                       (2.19) 
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where r  is the particle radius, ),( zrN  is the particle number density (   ), and 
qext  and qscat are the extinction efficiency and scattering efficiency, which are wavelength 
dependent.  Although Mie theory is not strictly correct for non-spherical dust particles, 
the errors in optical depth are relatively small [Mishchenko et al., 1996; Dubovik et al., 
2006]. 
 
 
 
 
 
 
2.3  Aerosol Characterization Experiment (ACE)-Asia Measurements 
 
The Aerosol Characterization Experiments (ACE) were undertaken to collect in-
situ data to increase our understanding of how atmospheric aerosol particles and their 
radiative forcing affect the Earth’s climate system.  ACE-Asia was the fourth in this 
Figure 2.7 Wavelength dependence of the imaginary part (K) of the 
complex refractive index of mineral dust in Dunhuang, China, from the 
Aerosol Robotic Network (AERONET). 
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series of field experiments and took place in the Asian Pacific region.  ACE-Asia was 
conducted during the spring of 2001 along the coasts of China, Korea and Japan (Figure 
2.8). Intensive observations were conducted from 31 March to 4 May 2001 over the 
Yellow Sea and the Sea of Japan. The ACE-Asia intensive measurements used in this 
study include the handheld sun photometer measurements in Zhenbeitai Tower, the 
AERONET measurements at Dunguang, Beijing, and the NIES lidar intensive 
observations (such as Beijing and Nagasaki) from March to May 2001 at all weather 
conditions [Huebert et al., 2003].  Because of this extensive data set, we chose to 
simulate dust storms during the ACE-Asia intensive field measurement period.  
 
 
 
 
 
 
 
 
 
 
 
 
We also extended our analysis to regions downwind (such as Anmyon and 
Shirahama) and far downwind (such as Midway, Lanai, and Mauna Loa) of the ACE-Asia 
region in order to determine the spatial and temporal evolution of dust plumes 
transported far from the Asian dust storm sources. 
 
Figure 2.8 Study sites used in this chapter during the Aerosol Characterization 
Experiment (ACE)-Asia field campaign. 
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2.4 Model Results 
 
2.4.1 Dust Emission around Asian Dust Source Area 
 
Figure 2.9 illustrates dust emission for friction velocity with Weibull wind 
distribution case in April 2001 used in our model.  Again, after using the modified dust 
erodibility source factor, the dust emission has a pattern that is similar to the one from 
Chin et al. [2003], which accounted for the recent desertification areas in China. 
However, our model has larger dust emission compared to Chin et al. [2003], especially 
over the Taklamakan and Horqin Shadi deserts. 
 
 
 
 
      
 
 
 
 
 
2.4.2 Results for the Optical Properties 
 
 
Figure 2.9 Dust emission for friction velocity with the Weibull wind 
distribution case in April 2001 used in our coupled CAM3/CARM2.3 model. 
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The modeled aerosol optical properties, such as aerosol optical depth (AOD), 
single scattering albedo (SSA), and the vertical profiles are compared to measurements 
collected during the ACE-Asia 2001 field campaign. 
Zhenbeitai Tower (38.33N, 109.7E) (Figure 2.8) is located on Mount Hongshan, 
which is 1100m above sea level. Major experimental campaigns were conducted in 
Spring 2001 and Spring 2002 at Zhenbeitai [Alfaro et al., 2003; Arimoto et al., 2004]. 
This site is near the city of Yulin ( N, E) and lies in a transitional area from 
semi-arid to arid desert conditions. It is located in the northeastern loess plateau near 
the eastern margin of the Gobi Desert, a major source for mineral dust (Figure 2.5). 
Therefore this site can record the dust generated directly from the main Chinese dust 
sources, but is convenient to experimentalists since it is near the city of Yulin. During 
ACE-Asia Chinese scientists from the Institute of Earth Environment of the Chinese 
Academy of Sciences (IEECAS) measured the spectral aerosol optical depth using a 20-
m tall platform on Zhenbeitai Tower. The AOD was measured several times daily in the 
clear-sky conditions (cloud free) with a handheld sun photometer. The sun photometer 
was calibrated by the Solar Light Company before the field campaign. Uncertainty in the 
aerosol optical depth is around 0.01 (personal communication, Michael H. Bergin, 2008). 
Figure 2.10 shows the surface AOD at Zhenbeitai Tower in April 2001 compared 
to the model results at a wavelength of 500nm. The model result is calculated 
above1100m relative to sea level because the Zhenbeitai Tower is located on a 
mountain peak. Generally, the magnitude and pattern of model simulations agree well 
with the observations for the AOD with the relative average error of 0.223.  The model 
missed a major dust event on April 15.  
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The ground-based AERONET is a globally deployed long-term remote sensing 
aerosol monitoring network established by NASA [Holben et al., 1998].  The column-
integrated spectral aerosol optical depth (AOD) is measured by the sun-photometers in 
sixteen spectral channels (340 – 1640 nm).  We choose the cloud-screened and quality-
assured [Smirnov et al., 2000] AERONET AOD for our model validation. We used the 
coarse mode optical depth for comparison with our simulations. The total dust emission 
over Asian area is around 210 Tg in spring of 2001 (March to May) in our model, which 
is comparable to the dust emission of 250 Tg during March to May of 2001 from Gong et 
al. [2003]. Gong et al. [2003] applied the North Aerosol Regional Climate Model 
(NARCM) with 45 km resolution. AERONET sun photometer measurements also provide 
several aerosol inversion products, such as volume size distribution, single scattering 
albedo, Angstrom exponents, and complex refractive index.  Although AERONET 
 
Figure 2.10 Comparison of 500-nm aerosol optical depths between model simulations 
of the friction velocity with the Weibull wind distribution case and ACE-Asia 
observations from Zhenbeitai Tower, China, during April 2001. 
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conducts point measurements, a relatively uniform evolution of the optical depth may 
determine if the data are representative of the larger region in one of our model grid 
cells. The study sites from AERONET we used in this study are listed in Figure 2.8. 
Although other AERONET sites are available we used these because they form a line 
that is generally in the direction of transport across the Pacific based on the previous 
studies, which have covered the subject of the long-range transport of Asian dust 
particles to Midway (Betzer et al., 1988; Stith et al., 2008), central Pacific (Duce et al., 
1980), Hawaii (Shaw, 1980; Clarke et al., 2001; Stith et al., 2008) and California (Husar 
et al., 2001; Clarke et al., 2001; Tratt et al., 2001). 
Figure 2.11 illustrates the daily mean column-integrated AERONET and 
simulated volume size distributions at Beijing (top), on 08 April 2001 and at Midway, on 
13 April 2001 during dust events.  This figure clearly shows that simulated dust events 
have a noticeable coarse mode at 1- 8  radius, similar to AERONET retrievals both 
for Beijing and Midway.  Therefore, all the comparisons related to AERONET AOD 
retrievals will be conducted between model and coarse mode AERONET retrievals.  
There are fine mode particles in the AERONET size distribution data in Figure 2.11, but 
such particles have not been included in our model. 
Figure 2.12 compares the AERONET coarse mode AOD (black marker line) to 
simulated AOD for the 10-meter wind case, the friction velocity case, and the friction 
velocity with Weibull wind distribution case at 500nm wavelength.  These results are 
daily means in April 2001 at six Asian dust study sites (Figure 2.8). The error bars for the 
six study sites are the standard deviations based on all the measurements made during 
a day for the coarse mode AOD of AERONET retrievals. The Mauna Loa data are 
limited to data taken before 10:00AM local time to reduce the contribution of sea-salt  
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aerosols to  the coarse mode by upslope winds [Hahn et al. 1992; Bodhaine 1996]. In 
general, there is little difference between the AOD modeled using 10-meter winds or 
friction velocity winds in contrast to the conclusions of Liu and Westphal [2001]. The 
model did well in capturing the magnitude of the AERONET retrieved AOD at Lanai, a 
site far away from dust sources. The AERONET retrieved AOD is high compared to the 
modeled AOD in Mauna Loa even though the model results are for 4km altitude, 
comparable to the altitude of Mauna Loa (4170 m). Possibly the error is due to the model 
not including the stratospheric aerosol optical depth, which should be a relatively 
constant background at Mauna Loa. There may also be coarse mode particles from sea 
salt at Mauna Loa, which are not included in the model.  At most sites, the day-to-day 
 
Figure 2.11 Comparison of the daily mean, column-integrated volume size 
distributions between model and AERONET retrievals for (top) Beijing on 8 April 2001 
and (bottom) Midway on 13 April 2001. 
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variation of the modeled AOD suggested that the meteorology fields, or variation in dust 
sources, are significant sources of variability in the model. 
 Generally, the model captured most dust storms that occurred during April 2001 
over the Beijing area: April 04, April 07-08 (the severe one), April 18, and April 28. The 
model for all three dust lifting cases misplaced the peak of the dust storm that occurred 
on April 8-10, 2001 for Beijing. As shown in Figure 2.13, dust was in the Beijing region 
on April 10. Apparently, the simulated dust did not follow the observed trajectories 
exactly. It should be noted that the GOCART model [Chin et al., 2004] missed the same 
dust event on April 10, 2001.  The magnitude and pattern of AOD from our model are 
similar to Chin et al. [2004] at Beijing, in April 2001. Chin et al. [2004] and our model 
both overestimated the AOD at Shirahama between April 15 to 20, which should have 
relatively smaller AOD for dust aerosols than April 10 as indicated in the coarse mode 
AERONET retrievals in Figure 2.12. 
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Figure 2.12 Comparison of predicted daily mean dust aerosol optical depth (AOD) from the 
10-m wind case, friction velocity case, and friction velocity with Weibull correction to 
AERONET coarse mode data for six different study sites in April 2001. 
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Figure 2.14 present the scatter plots of daily mean AOD at 500nm between the model 
for the 10-meter wind case (top), the friction velocity case (middle), and the friction 
velocity with Weibull wind distribution case (bottom) and AERONET coarse mode 
retrievals at six study sites (Figure 2.12) for April 2001. The dashed lines represent the 
one-to-one line, 2 times of one-to-one line, and half time of one-to-one line, respectively. 
The solid black line represents the line of best fit through all points. The three equations 
of the lines of best fit are y=0.690x + 0.087 (u10 case), y=0.721x+0.082 (ustar case), 
and y = 0.752x + 0.065 (wbl case), respectively. The correlation coefficients for the three 
 
Figure 2.13 Dust aerosol optical depths over the Beijing area (39.98_N, 
116.36_E) and its upwind regions (40_N,115_E) for (top) 7 April 2001 and 
(bottom) 10 April 2001. 
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cases (Ru10=0.712, Ru*=0.755, and Rwbl=0.790) are reported in Figure 2.14. We find that 
the modeled AOD for the three cases reproduced most of the data within a factor of 2 of 
the AERONET retrievals and lies close to the one-to-one line. 
We assume the real part of the complex refractive index is independent of 
wavelength (1.55) based on the AERONET retrievals [Dubovik et al., 2000]. We use 
data on the imaginary part of the refractive index from AERONET site measurements 
near the dust source regions that are dominated by relative pure mineral dust particles 
compared to the downwind regions, where other pollutants are involved, such as nitrate, 
sulfate, and black carbon.  Figure 2.7 shows the wavelength dependence of the 
imaginary part (K) of the complex refractive index of mineral dust for Dunhuang, China, 
on April 7, 2001 from AERONET retrievals.  Dunhuang, China is located in Gobi desert, 
one of the major dust source regions in Asia. K decreases with the increasing 
wavelength (440nm, 670nm, 870nm and 1020nm), which means the dust particles 
absorb more light in the short-wavelength range and scatter more light in the long-
wavelength range. This behavior is consistent with a red colored dust [Sokolik and Toon, 
1999]. 
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Figure 2.14 Scatterplots of daily mean AOD from model simulations of (top) u10 
case, (middle) ustar case, and (bottom) wbl case versus AERONET coarse mode 
retrievals at six study sites (Figure 12) in April 2001. 
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Figure 2.15 presents the wavelength dependence of the SSA compared to 
AERONET retrievals over Dunhuang, China on 7 April 2001. The marked line is the SSA 
from AERONET retrievals, and the dash line is modeled SSA. The SSA increases with 
increased wavelength in both the model and observations. The model is within the error 
bars of the AERONET data. Of course, the AERONET data from this site was used to 
obtain the refractive index. Nevertheless SSA and its wavelength dependence vary with 
particle size, so this comparison is not circular. The single scattering albedo of dust may 
have regional variations.  The averaged SSA value from AERONET retrievals and model 
simulation is 0.947and 0.920 at 0.55 mµ  (obtained by interpolation), respectively, in this 
study in Dunhuang area, whereas it is around 0.90± 0.06 at 0.532 mµ  in South Asia 
[Müller et al, 2003] and less than 0.90 at 0.55 mµ  in the Sahara Desert [Takemura et al., 
2002]. The dust transported from East Asia to the Pacific may not absorb as much light 
as the dark aerosol from South Asia or from the Sahara Desert [Sokolik and Toon, 
1999]. The SSA varies by less than 0.02 as the particles cross the Pacific in the model.  
 
 
 
 
 
 
 
 
 
 
Figure 2.15 Wavelength dependence of single-scattering albedo (SSA) compared 
to AERONET retrievals over Dunhuang, China, on 7 April 2001. 
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Lidar measurements of Asian dust have been conducted for more than 20 years. 
The lidar observations are commonly used to indicate the vertical distributions of aerosol 
layers [Iwasaka et al., 1988]. During the ACE-Asia field campaign, polarization lidars 
(non-spherical aerosol can be identified by the depolarization ratio of backscattering 
signal) from the National Institute for Environmental Studies (NIES), Japan were 
operated in China and Japan from March to May 2001.  NIES-Lidar with a compact 
back-scattering system began continuous observation in the atmosphere in 1996. 
Polarization measurement capability was added in 1999. Vertical profiles of 
backscattering intensity and depolarization ratio were recorded every 15 min at the 
observation wavelength of 532 nm. The different backscattering coefficients of dust and 
spherical aerosols (such as sulfates) were estimated from the depolarization ratio with 
the assumption that both kinds of aerosols were externally mixed [Shimizu et al., 2004].     
Our point in comparing our model with lidar data is to determine if dust is present 
when it should be, and whether it is at the correct altitudes. We cannot compare with the 
magnitude of the backscatter because the particles are not spheres, and so there is a 
large unknown correction to the calculated backscatter cross section for particle shape 
that would be needed. Figure 2.16 illustrates the measured NIES-lidar backscattering 
coefficients contributed by dust particles (top) [Shimizu et al., 2004] and the total dust 
mass concentration ( ) calculated by our dust model for the friction velocity with 
Weibull wind distribution case over the Beijing area (39.98N, 116.38E) (middle) and 
upwind of Beijing region (40N, 115E) (bottom) for April 2001. Generally, the model 
reproduced almost all the dust events in April 2001 (middle of Figure 2.16), such as the 
dust storms that occurred on April 2, April 4, April 7-8 (the severe one), April 18, and 
April 28.  However, the model missed the dust storm that occurred on April 10 as we 
mentioned before (Figure 2.12 and Figure 2.13). From Figure 2.16 (bottom), we find a 
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large dust mass density on April 10, 2001 upwind of the Beijing area (40N, 115E). 
However, this dust storm went to the south of Beijing in the model. The model also 
missed the low level dust storms that occurred on April 20-24, which went to the north of 
Beijing (Figure 2.17).  
 
 
 
 
Figure 2.16 Comparison of derived backscattering coefficients of (top) derived 
lidar backscattering contributed by dust particles [Shimizu et al., 2004] to 
(middle) the total dust mass density calculated by our dust model over Beijing 
(39.98_N, 116.36_E) and (bottom) upwind of Beijing (40_E, 115_E) for 
April 2001. 
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Figure 2.18 shows the measured lidar backscattering coefficients contributed by 
dust particles (top) [Shimizu et al., 2004] and the total dust mass concentration ( ) 
calculated our dust model (bottom) over the Nagasaki area of Japan (33.69N, 130.28E) 
for April 2001.  Generally, our model well reproduced the vertical distribution of dust on 
12,13, and 14 April of 2001, observed by lidar. The model also correctly simulated the 
dust in the free troposphere on 2, 23, 26 and 27 April of 2001, which was missed by 
CFORS in Shimizu et al [2004].  However, our model missed the dust event on April 20 
due to incorrect model winds causing the dust to go south of Nagasaki in the model. 
Also, the model did not predict the dust events on 26 and 27 of April near the surface 
because wet deposition washed out the low level dust on the 26 of April (Figure 2.19). 
From Figure 2.19, we can see the wet deposition flux near the surface (below 1 km) at 
Beijing on April 26, 2001 has a relatively large value (up to   ), which 
indicates that further work is needed on the removal processes between dust source and 
downwind regions such as Nagasaki.  
 
 
Figure 2.17 Total dust mass density calculated by our dust model north of Beijing 
(42_N, 120_E). 
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Figure 2.18 Comparison of (top) derived backscattering coefficients of lidar 
contributed by dust particles [Shimizu et al., 2004] to (middle) the total dust mass 
density calculated by the Chemical Weather Forecasting System [Shimizu et al., 
2004] and (bottom) our dust model over Nagasaki (33.69_N,130.28_E) for 2001. 
 
Figure 2. 19 Wet deposition flux on 26 April 2001. The negative washout rates 
mean that evaporation as a source of particles exceeds deposition as a sink of 
particles in wet deposition. 
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2.5 Discussions and Summary 
 
In this chapter, we developed a three-dimensional coupled microphysical/climate 
model based on the NCAR CAM3 and CARMA2.3 models. Our goal was to test the 
model’s ability to reproduce the optical properties of dust from Asia, as it is transported 
across the Pacific Basin. The model simulations were conducted during the time frame 
of the ACE-Asia field experiment since considerable data are available for that time.  Our 
dust source function follows Ginoux et al. [2001]. We modified the source function by 
using the friction velocity instead of the 10-meter wind based on the wind erosion theory. 
The new threshold friction velocity formulation included both the inter-particle cohesion 
forces and the surface wetness factor based on the volumetric soil water for each 
particle size bin, which is important to the threshold wind speed of dust particles. 
The Weibull wind distribution was implemented in the model, using an incomplete 
gamma function, to treat the sub-grid scale velocity distribution since at the coarse 
resolutions of typical global models the “mean” wind speeds at each grid cell do not 
represent the lifting process well. The timing and magnitude of most dust events have 
been captured when a Weibull wind distribution, surface stress or 10 m wind is used in 
the model.  We tuned the dust lifting to reproduce the total dust emission around 210 Tg 
in spring of 2001 (March to May). Our conclusions differ from Liu and Westphal [2001] 
who found the 10 m winds did not capture all of the dust events in their study. Despite 
not finding this sensitivity in our work we believe it is important to include all of the 
physics related to the surface wind stress, and wind gusts since the physics may be 
important in cases other than the ones we examined. 
The modeled AOT is well correlated with the AERONET retrievals (R = 0.844) in 
the six study sites, and the results are not greatly biased relative to the observations 
since the slope of their relationship is close to 1. The modeled single scattering albedo is 
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within the error bars of AERONET retrievals near the dust sources.  SSA increased with 
increasing wavelength in both the model and observations. Comparing the modeled SSA 
over the Asian dust source region (Dunhuang) to studies elsewhere, we find that the 
observed single scattering albedo of dust has geographic variations that exceed those 
predicted by the model. This larger variation could be caused by different dust 
compositions and/or background pollution not included in our model. 
The vertical profiles of dust are comparable to the ACE-Asia 2001 NIES-lidar 
observations in Beijing and Nagasaki. Generally, the model produced almost all the dust 
events in April 2001, such as the dust storms that occurred on April 2, April 4, April 7-8 
(the severe one), April 18, and April 28 in Beijing, and the dust events near the surface 
on April 12,13, and 14 and the dust in the free troposphere on 2, 23, 26 and 27 April of 
2001. However, the model did not predict the dust events near the surface on the 26 and 
27 of April at Nagasaki because wet deposition washed out the shallow level dust on 26 
of April, which indicates that further work is needed on the model wet deposition process 
between dust source and downwind regions, such as Nagasaki, Japan.  
           We have shown here that the model results are consistent with data taken during 
ACE-Asia. There is also a wealth of satellite data with which the model can be 
compared. The Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations 
(CALIPSO) satellite lidar retrievals will provide new insight into the broad scale dust 
vertical distribution.  However CALIPSO was not operating during the time frame of 
ACE-Asia. Hence, we will present a comparison of model simulations with satellite data 
in chapter 3 using a different simulation time frame.  
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                                    Chapter 3 
 
     Saharan and Asian Dust: Similarities and Differences determined by CALIPSO,    
               AERONET, and a Coupled Climate-Aerosol Microphysical Model 
 
3.1 Introduction 
 
This work has been published as Su and Toon (2011). Airborne mineral dust is 
one of the major components of atmospheric aerosols. Dust plays an important role in 
the atmospheric global circulation (Dunion and Velden, 2004; Wu, 2007), air pollution 
(Prospero, 1999; VanCuren, 2003), biogeochemical processes (Duce et al., 1991; Martin 
et al., 1994; Shinn et al., 2000), radiative budget (Sokolik and Toon, 1996; Kaufman et 
al., 2001), and human health (IPCC, 2007). Dust varies over short time scales and 
geologic time (Rea et al., 1985).   
The Saharan desert is the largest and most continuous dust source in the world. 
Saharan dust can be transported across the tropical North Atlantic and into the 
Caribbean region as well as into Europe (Prospero and Carlson, 1972; Prospero, 1996; 
Colarco et al., 2002; Colarco et al., 2003a,b; Toon, 2003; Liu et al., 2008; Generoso et 
al., 2008). Especially in summer large amounts of Saharan dust are transported across 
the Atlantic Ocean, which is dominated by the Azores High, and arrive in the Caribbean 
Sea (Doherty et al., 2008). 
The Taklimakan and Gobi deserts are the major dust sources in Asia (Uno et al., 
2005). Asian dust can be transported over the North Pacific Ocean and reach Midway 
and North America (Duce et al., 1980; Shaw, 1980; Betzer et al., 1988; Clarke et al., 
2001; Husar et al., 2001; Tratt et al., 2001; Huang et al., 2008; Eguchi et al., 2009; Su 
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and Toon, 2009). Asian dust also can be transported over global scales (Clarke et al., 
2001; Grousset et al., 2003; Uno et al., 2009).   
In this chapter, we refer to all of the major dust lifting regions in Africa and Asia 
as Saharan or Asian deserts. These dust lifting regions for Asia can be seen from the 
dust flux maps given in Su and Toon (2009). 
Recently, special attention has been paid to Saharan dust in field campaigns 
such as the Puerto Rico Dust Experiment (PRIDE) (Reid et al., 2002; Reid et al., 2003b; 
Maring et al., 2003; Colarco et al., 2003a,b), the Dust And Biomass EXperiment 
(DABEX) (Osborne et al., 2008), the SAharan Mineral dUst experiMent (SAMUM) 
(Heintzenberg, 2008;  Knippertz et al., 2008;  Muller et al., 2008), the African Monsoon 
Multidisciplinary Analysis (AMMA) (Rajot et al., 2008;  Heese and Wiegner, 2008; 
Haywood et al., 2008), and the GERB Intercomparison of Longwave and Shortwave 
radiation (GERBILS) (Haywood et al., 2005; Marsham et al., 2008). Saharan dust has 
been studied through model simulations (Marticorena et al., 1997; Colarco et al., 2002; 
Colarco et al., 2003a,b; Maring et al., 2003; Liu et al., 2008; Generoso et al., 2008), and 
satellite retrievals (Liu D. et al., 2008; Liu Z. et al., 2008b; Generoso et al., 2008; Cuesta 
et al., 2009).  
Several field campaigns have been also conducted regarding Asian dust 
aerosols including the Aerosol Characterization Experiments (ACE-Asia) (Huebert et al., 
2003; Seinfeld et al., 2004), the Indian Ocean Experiment (INDOEX) (Ramanathan et 
al., 2001, Rasch et al., 2001]), the TRAnsport and Chemical Evolution over the Pacific 
experiment (TRACE-P) (Carmichael et al., 2003; Jacob et al., 2003), the Intercontinental 
Chemical Transport Experiment Phase B (INTEX-B) (Arellano et al., 2007; McKendry et 
al., 2008), and the PACific Dust EXperiment (PACDEX) (Stith et al., 2008).  Asian dust 
also has been investigated through model simulations (Tegen and Fung, 1994; Schulz et 
al., 1998; Mahowald et al., 1999, 2006; Ginoux et al., 2001; Uno et al., 2002, 2004, 
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2008, 2009; Carmichael et al., 2003; Chin et al., 2003, 2004; Gong et al., 2003; Zender 
et al., 2003a; Shimizu et al., 2004; Shao and Dong, 2006; Huang et al., 2009; Su and 
Toon, 2009), and satellite retrievals (Huang et al., 2007; Huang et al., 2008; Liu et al., 
2008; Uno et al., 2008).   
Most studies have focused on either Saharan dust or Asian dust. Here we 
investigate the differences and similarities in dust lifting, dust removal processes, 
seasonal variations, transport mechanisms, and physical properties between Saharan 
dust and Asian dust using satellite data such as CALIPSO, ground-based data such as 
AERONET, and numerical models.  
Numerous satellite observations have been made of Saharan and Asian dust. 
Here we focus on data from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 
Observation (CALIPSO). CALIPSO was launched in April 2006 (Liu et al., 2006; Winker 
et al., 2007). The Cloud –Aerosol Lidar with Orthogonal Polarization (CALIOP), on 
CALIPSO, is a two-wavelength (532 and 1064 nm), polarization-sensitive (at 532 nm) 
instrument.  CALIOP provides substantial and unique information on vertical and 
geographical distributions of clouds and aerosols. CALIOP conducts nearly continuous 
observations of height-resolved attenuated backscatter over the globe (Sassen 2000; 
Winker et al., 2003; Winker et al., 2010). 
The Aerosol Robotic NETwork (AERONET) is a globally distributed remote sensing 
aerosol-monitoring network of ground-based sun photometers that measure sun and sky 
radiances in 16 spectral channels (340-1640 nm) (Holben et al., 1998).  AERONET 
provides observations of aerosol optical depth (AOD), inversion products such as size 
distribution and single scattering albedo, and precipitable water.  We use the cloud-
screened and quality-assured AERONET Level 2.0 data in this chapter (Smirnov et al., 
2000). 
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Numerical modeling of dust aerosols is essential for climate studies, and to better 
understand the behavior of the dust aerosols in the atmosphere. We use a coupled 
three-dimensional climate-microphysical sectional model, which is capable of simulating 
the mineral dust aerosols (Su and Toon, 2009) to explore the differences between 
atmospheric dust from the Saharan deserts and from the Asian deserts. 
The various observations and models have led to a number of questions about 
Asian and African dust. It is clear from satellite observations that the dust optical depth is 
generally larger over the Atlantic, than over the Pacific. Is this difference due to more 
dust being lifted over Africa, to more dust being removed over the Pacific, to seasonality 
in dust lifting, or to other factors?  Is the size distribution of dust downwind of African or 
Asian dust sources different, or the same so that it can be modeled using the same dust 
source functions? Are the dust optical properties different between Asian and African 
dust, and if so are the differences related to dust composition, or to particle size? Do the 
same mechanisms control dust transport in the two regions of the world? For instance, 
Saharan dust is observed to descend when crossing the Atlantic. Is this descent due to 
sedimentation, so Asian dust should also descend, or to air motions which may differ?  
Does the different meteorology of Africa and Asia lead to differences in the vertical 
distribution of the two types of dust? We seek to answer these questions here. 
 
3.2 Model Description 
 
The three-dimensional coupled climate-aerosol microphysical model based on 
the NCAR Community Atmosphere Model (CAM3) (Collins et al., 2004) and the 
University of Colorado/NASA Community Aerosol and Radiation Model for Atmospheres 
(CARMA2.3) (Toon et al., 1988; Jensen et al., 1994; Ackerman et al., 1995) is a new 
numerical model that has been described in detail by Su and Toon (2009).  The coupled 
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model we are using for the Saharan and Asian dust simulations includes a three-
dimensional climate model (CAM3) and an aerosol microphysical sectional model 
(CARMA2.3). CAM3 is driven by off-line meteorological fields from NCAR and the 
National Center for Environmental Prediction (NCEP) reanalysis package (Kistler et al., 
2001).  We treat CARMA2.3 as a bin-resolved column aerosol-microphysical sectional 
model that has the same domain as CAM3.  We also choose the finite-volume (FV) 
dynamical core for the dynamical equations of CAM3 to conserve the mass for tracers 
as discussed by Lin and Rood (1996). The coupled CAM3/CARMA2.3 model includes 
dust sources, transport, removal processes, and optical properties of dust aerosols (Su 
and Toon, 2009).  
 We configured the coupled CAM3/CARMA2.3 model with a horizontal resolution 
of 2o x 2.5o degrees, and 28 hybrid vertical model layers from the surface to about 40 
km. We used 16 dust size bins with central radius covering the range from 0.1 to 10 µm 
to parameterize the modified Ginoux et al. (2001) dust source function as discussed in 
Su and Toon (2009).  Briefly, the dust lifting is physically driven by the surface stress 
based on the saltation-sandblasting process (Gomes et al., 1990; Shao and Raupach, 
1993; Shao and Lu, 2000; Su and Toon, 2009). We use the friction wind velocity in the 
dust source function based on the atmospheric stability and land surface conditions (e.g. 
surface roughness length). We also account for the recently detected desertification in 
Inner Mongolia in the dust erodibility source factor (Chin et al., 2003; Chin et al., 2004; 
P. Ginoux, personal communication, 2007; Su and Toon, 2009). The Weibull wind 
distribution that represents the subgrid-scale velocity distribution has been implemented 
in the dust-lifting scheme to better represent the dust lifting process by subgrid scale 
winds that are not represented well due to the coarse resolution of global models 
(Gillette and Passi, 1988; Su and Toon, 2009).   
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We use the same parameterization of removal processes (wet deposition and dry 
deposition) as described in Su and Toon (2009).  Dust aerosols are scavenged both by 
rain and snow including below-cloud and in-cloud scavenging for each model layer in a 
manner that is size and composition independent (Barth et al., 2000; Rasch et al., 2001; 
Su and Toon, 2009). The dry deposition includes sedimentation near the surface (which 
dominates for coarse mode particles) and turbulent mix-out (which dominates for fine 
mode particles).  The sedimentation fall velocities are calculated in CARMA2.3 by 
Stokes law at low Reynold’s number (Re < 1). Corrections are made at high Reynold’s 
numbers (Re > 1) based on Prupacher and Klett (1997).  We modified the dry deposition 
scheme following Marticorena and Bergametti (1995) and Ginoux et al. (2001) to 
account for both the bin-resolved dust particles and the effect of soil moisture on dust 
lifting (Su and Toon, 2009). 
A systematic assessment of the model simulations has been done in Su and 
Toon (2009). We validated the simulations against observations from the ACE-Asia field 
campaign. We also used observational datasets including AERONET data at six study 
sites as well as the NIES lidar data to constrain the model simulations in Su and Toon 
(2009).  
 
3.3 The CALIPSO and AERONET Data 
 
CALIPSO was launched in April 2006 (Liu et al., 2006; Winker et al., 2007). The 
Cloud –Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument, on CALIPSO, is 
a two-wavelength (532 and 1064 nm), polarization-sensitive (at 532 nm) instrument.  
CALIOP provides substantial and unique information on vertical and geographical 
distributions of clouds and aerosols. CALIOP conducts nearly continuous observations 
of height-resolved attenuated backscatter over the globe (Sassen 2000; Winker et al., 
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2003). We use CALIPSO profile level 1B data and the CALIPSO cloud layer level 2 data 
in this chapter. 
The Aerosol Robotic NETwork (AERONET) is a globally distributed remote 
sensing aerosol-monitoring network of ground-based sun photometers that measure sun 
and sky radiances in 16 spectral channels (340-1640 nm) (Holben et al., 1998).  
AERONET provides observations of aerosol optical depth (AOD), as well as inversion 
products such as size distribution, single scattering albedo, and precipitable water.  We 
use the cloud-screened and quality-assured AERONET Level 2.0 data in this chapter 
(Smirnov et al., 2000). 
 
3.4 Results 
 
3.4.1 Comparison of Dust Abundance and Fluxes over the Atlantic and Pacific, and  
         Seasonal Variations 
 
Here we address the problem of why the optical depths of dust over the Pacific 
and Atlantic are so different. Figure 3.1 shows the daily-averaged and column-integrated 
spectral optical depth at 500nm at Osaka in the Pacific in May 2007 (top) and at Capo 
Verde in the Atlantic in July 2007 (bottom) both from our model and from AERONET 
data.  In general, the optical depth is higher over the Atlantic at Capo Verde than over 
Pacific at Osaka at similar downwind distances from the two dust sources even during 
the primary months of dust storm activity (such as May in Asia and July in the Sahara).  
The monthly-averaged optical depth is 0.382 and 0.339 over the Pacific at Osaka in May 
2007 for AERONET data and the model simulation, respectively. However, the monthly-
averaged optical depth is 0.613 and 0.579 over the Atlantic at Capo Verde in July 2007 
for AERONET data and model simulation, respectively 
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Figure 3.1 The daily-averaged and column-integrated spectral optical depth (500nm) at 
Osaka in May 2007 (top) and at Capo_Verde in July 2007 (bottom) both from our model 
and from AERONET data. 
 
Figure 3.2 Modeled monthly dust flux between 10S-40N, across different longitude 
planes (10W, 55W, 100W, and 145W) for Saharan dust in 2007. 
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The dust fluxes into the two ocean basins tell a similar story to the one told by the 
optical depths. Figure 3.2 shows the modeled dust fluxes for the Sahara in 2007 from 
10S - 40N latitude across four different longitude planes at 10W, 55W, 100W, and 
145W. Figure 3.3 shows the map used in this chapter for Saharan dust. The dashed 
lines denote the four longitude planes (10W, 55W, 100W, and 145W) and the latitude 
boundaries (10S to 40N) at which dust fluxes were computed. We choose the latitude 
range between 10S to 40N based on previous studies using the GEOS-Chem model and 
CALIPSO analysis (Generoso et al., 2008; Liu et al., 2008b) suggesting that most 
Saharan dust plumes occurred and were transported downwind within this area. These 
longitudes span the distance from the Saharan dust source regions, across the Atlantic, 
over the Caribbean and into the Pacific. The net dust flux  (orange dashed line in Figure 
3.2) crossing the 10W plane (10S-40N) at the western edge of the Saharan Desert is 
about 90Tg for each month and is about 110Tg per summer month when the flux is 
greatest. The annual net flux is about 1088 Tg across the 10W plane in 2007 (orange 
dashed line in Figure 3.2). The flux across the 10W plane is about 70% of the total 
amount of Saharan dust (1547 Tg) lifted in the model for the year 2007.  About 6% of the 
dust (93 Tg) goes north toward Europe in the model. Another 3% of the dust is lifted to  
the west of the 10W plane.  The remainder of the dust (about 21% of that lifted) is 
removed locally over the Sahara before it can reach the 10W plane. 
The Saharan Desert is located in the tropics and sub-tropics, and usually 
experiences deep convection throughout the year. Strong winds embedded in the 
tropical trades (northeasterly flow) continually lift dust from the surface of Saharan 
Deserts. The dust outbreaks are contained in a deep mixed layer. The deep mixed layer 
usually extends to 5-6 km or higher in altitude over the Saharan Deserts due to the 
strong solar heating (Prospero et al., 1972 and 1981; Karyampudi et al., 1999; Colarco 
et al., 2003b). This hot and dry air mass is advected west of Africa and referred to as the  
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 Saharan Air Layer (SAL). Dust lifting over African can be triggered and modulated by 
synoptic systems, such as African easterly waves in the Atlantic region (Prospero and 
Carson, 1972; Westphal et al., 1987; Jones et al., 2003). The dust outbreaks usually 
occur in the ridge of passing easterly waves with a period of 5-7 days (Prospero and 
Carson, 1972). The African easterly waves are identified through filtered (2.5-10 days) 
relative vorticity at 700 hPa over the tropical Atlantic Ocean. About 20% of the dust 
entrainment into the atmosphere is related to easterly wave activity, and approximately 
10%-20% of the seasonal variation of Saharan Desert dust transported across the North 
Atlantic Ocean is regulated by easterly waves (Jones et al., 2003).  
Figure 3.2 and Figure 3.4 show that about 90% of the dust is removed by the time 
it reaches 55W. During most months of the year only about 1% of the dust reaches as 
far as 100W, the longitude of Mexico. However, in the summer of 2007 our model 
 
Figure 3.3 Map used in this chapter for Saharan dust.  The dashed lines denote  
the four longitude planes (10W, 55W, 100W, and 145W) and the latitude 
boundary (10S to 40N). The CALIPSO tracks are shown as lines along the 
asterisks. 
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indicates a relatively larger dust flux  (around 1.9Tg/month, 3.6% of total dust flux) 
reached the west coast of the Caribbean Sea (the 100W plane red curve in Figure 3.2).  
These dust fluxes are qualitatively consistent with previous studies. Colarco et al. 
(2003b) and Doherty et al. (2008) indicate each summer large amounts of Saharan dust 
are transported across the Atlantic Ocean and arrive in Caribbean Sea. The Saharan 
dust transport into the Caribbean is controlled primarily by a semi- permanent high, the 
Azores High (also called North Atlantic High), which usually extends westward toward 
Bermuda. This anticyclone becomes stronger and moves north in summer, and it moves 
south and becomes weaker in winter. The longitudinal displacement of the Azores High 
is highly related to the Saharan dust transport into the Caribbean.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Modeled monthly mean dust flux between 10S to 40N. The asterisk-
marked line denotes the ratio of the flux as 100W to that at 10W, and the blue 
dashed-line denotes the ratio of the flux at 55W to that at 10W for Saharan dust in 
2007. The dashed lines mark 0.1 and 0.01. 
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Figure 3.2 also shows that the far-most plane over the Pacific at 145W (the 
asterisk marked dash-line) indicates a significant loss of dust between 100W and 145W 
in the months of June, July and August. The amount of loss in this longitude region is 
related to the position of the Inter-tropical Convergence Zone (ITCZ).  During summer 
the ITCZ moves into latitudes near 10N, and there is significant convection over Central 
America due to the frontal zone of the ITCZ bringing the warm, moist air from the Gulf of 
Guinea into the hot, dry Saharan air to the north. This convection is quite efficient at 
removing the dust (Pfister et al, 2010). However, during other parts of the year there is 
less convection over Central America and our model suggests that dust is more likely to 
reach the Pacific.  
Figure 3.4 presents the modeled monthly dust flux between 10S to 40N for 2007 
at various longitudes as a fraction of the flux at 10W. The 55W to 10W ratio shows a 
monthly variation that may be related to the position of the Azores High as we discussed  
earlier. Generoso et al. (2008) estimated 151 Tg of dust was deposited in 2006 in the 
area 
bounded by 
5N-27N and 
17W-100W. 
We similarly 
find that total 
annual dust 
deposition in 
the tropical 
 
Figure 3.5 Modeled monthly dust wet deposition between 10S to 40N for longitudes 
between 10W to 55W, 55W-100W, and 100W-145W for Saharan dust in 2007. 
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Atlantic in the area bounded  
by 5N-30N and 17W-100W is about 163 Tg in 2007. 
Figure 3.5 shows the modeled annual dust wet deposition between 10S to 40N 
for 10W-55W, 55W-100W, and 100W-145W for Saharan dust in 2007. The annual total 
of the dust wet deposition over 10S to 40N and 10W to 145W is 122Tg based on the 
model simulations. Over the year there are about total 112 Tg (10% of total annual dust 
flux of 1088 Tg crossing the 10W plane), 9 Tg (10% of total annul dust flux of 92 Tg 
crossing the 55W plane), and 0.8 Tg (8% of total annual dust flux of 11.09 Tg crossing 
the 100W plane) of dust removed during transport between 10W and 55W, 55W and 
100W, 100W and 145W, respectively, by wet deposition. Therefore the results of our 
model simulation indicate that 10% of total dust crossing 10W is deposited before it 
reaches the 145W plane in 2007 by wet removal, of which about 60% of the wet 
   Impact factors      
   (annual average) 
Asian dust (total dust flux 
across source plane is 
355Tg in 2007) 
Saharan dust (total dust flux 
across source plane is 
1087Tg in 2007) 
Wet deposition 15% 10% 
Dry deposition 75% 80% 
Soil Erodibility Factor 0.077 0.081 
Area of sources 2.07x106 km2 8.95x106 km2 
Area lifting occurs 1.33x106 km2 4.17x106 km2 
Power averaged wind 4.2 m/s 5.1 m/s 
Soil moisture 0.1 mm3/mm3 0.03 mm3/mm3 
Snow 2.5x10-5 mm/s 0 
 
 
1   Table 3.1 The factors that contribute to the magnitudes of the total dust fluxes both for   
2   Asian and Saharan dust simulated from the coupled CAM3.0/CARMA2.3 model in 2007. 
3   The % in the first two lines (wet and dry deposition) refers to the fraction of the dust  
4   removed before traveling 45 degrees of longitude from the sources. 
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deposition occurs in summer.  There is less wet deposition in spring and autumn. Our 
study suggests that the wet removal process is a minor contributor to the total dust loss 
over the Atlantic (see Table 3.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 shows the modeled annual dust fluxes (between 25N-55N) across 
different longitude planes (105E, 150E, 195E, and 240E) for Asian dust in 2007. Figure 
3.7 shows the map used in this study for Asian dust.  The dashed lines denote the four 
longitude planes (105E, 150E, 195E, and 240E) and the latitude boundaries (25N to 
55N). We chose the latitude range between 25N to 55N based on previous modeling 
and observational studies showing that most Asian dust plumes occurred and were 
transported downwind within this area (Eguchi et al., 2003 and 2009; Huang et al., 
2008). The total dust flux (orange dashed line in Fig. 6) across the 105E plane, which 
crosses central Mongolia in the Asian deserts, is 355Tg in 2007. Only about 4% of the 
total dust lifted over Asia comes from the east of 105E. Figure 3.2 showed an annual 
dust flux across 10W from the Sahara of about 1088 Tg in 2007. Therefore, about 3 
Figure 3.6  Modeled monthly dust fluxes (25N-55N) across different longitude 
planes (105E, 150E, 195E, and 240E) for Asian dust in 2007. 
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times as much dust was transported downwind of the Sahara desert in 2007, as 
downwind of the Asian deserts. Unlike the case for the Sahara, there is a strong 
seasonal variation in Asian dust fluxes. We find that 62% of the 355 Tg lifted is 
generated in the months March-June. Eguchi et al. (2003) reported that the dust 
transported through the longitudinal cross-plane at 90 E is approximately 34.1 Tg for a 
period of 5-15 May 2007 based on a 3-D aerosol model.  Our model estimates about 
36.4 Tg within the same latitude region between 25oN -55oN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The seasonal variation of dust outbreaks over Asia is associated with variation in 
the wind speed (Shao and Dong, 2006), the surface vegetation (Lee and Sohn, 2009), 
and the soil moisture and snow cover (Laurent et al., 2006). Strong winds occur most 
frequently in spring in Asia due to the activity of mid-latitude frontal systems. The mid-
latitude cyclones associated with intense cold fronts from Mongolia to northeastern 
China not only generate dust storms, but also lift Asian dust into the westerly jet in the 
 
Figure 3.7 Map used in this chapter for Asian dust.  The dashed lines denote the four 
longitude planes (105E, 150E, 195E, and 240E) and the latitude boundary (25N to 55N). The 
CALIPSO tracks are shown as lines along the asterisks and cross marks.   
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free atmosphere.  There is no equivalent of the SAL over Asia, though some of the dust 
is transported in a relatively shallow boundary layer. Deep dry convection is a major 
feature of Saharan Deserts (Cuesta et al., 2009). The mixed boundary layer depth and 
the tropopause altitude above the low-latitude tropical surface of Africa are higher than 
at mid-latitudes in Asia. Thus the springtime weather in Asia produces intense dust 
storm events in which dust is transported along the direction of the westerly winds. 
However, this transport is not associated with a deep convective boundary layer, as it is 
for Saharan dust.  
The dust emission over the Asian dust source regions is substantially suppressed 
after spring not only due to the weaker Mongolian cyclonic activity but also because of 
the increasing vegetation (Lee and Sohn, 2009). Laurent et al. (2006) indicates that the 
soil moisture and snow cover in the northern deserts of China decreases the dust 
emission by 94% and 84%, respectively, in winter but the dust emissions of Taklimakan 
desert are not noticeably influenced by the soil moisture and snow cover due to low 
precipitation and snowfall.  
Figure 3.8 presents the monthly dust flux between 25N to 55N latitude across 
240E and 150E longitudes as a fraction of the flux across 105E. Figure 3.8 shows that 
only about 10% of the dust lifted reaches the longitude of Japan (150E) and only 5% 
reaches the West coast of the U.S. (240E).  This large mass loss suggests that the 
removal processes (including wet and dry deposition) play an essential role during the 
Asian dust transport to 150E. Like Sahara dust there is a low layer of Asian dust that is 
rapidly removed by deposition. However, the relatively small dust particles lifted from the 
dust source that are entrained into air at high altitude (up to 10km) can be transported 
via upper tropospheric westerly jets over long distances as has been pointed out from 
observations by Stith et al. (2009). Once dust passes Japan, removal is less important. 
Eguchi et al. (2009) reported that about 30% of dust crossing 140E is transported 
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eastward and arrives in the North America based on the CALIPSO and SPRINTARS 
model analysis, which is consistent with our model simulations of 40% of Asian dust 
crossing 150E reaching the west coast of America.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The dust flux ratios in Figure 3.8 are lowest in the months from December to May. 
This seasonal variability means there is preferential dust removal during the same period 
when dust is lifted over Asian deserts. This overlap occurs because the low pressure 
centers over the Asian deserts are not only responsible for the strong winds needed for 
the dust lifting, but also act as sources of rain needed for dust removal. This is a different 
phenomenon than for Sahara dust.  
 
Figure 3.8  Modeled ratios of monthly dust flux between 25N to 55N for Asian dust in 
2007. The horizontal dashed lines are the 0.1 and 0.03 lines. 
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Figure 3.9 shows the modeled annual dust wet deposition between 25N to 55N for 
105E to 150E, 150E to 195E, and 195E to 240E for Asian dust in 2007. The dust flux is 
correlated with the wet removal. In part this is because the same systems that lift the 
dust, bring rain. About 52 Tg (15% of dust crossing the 105E plane) of dust is removed 
during transport from 105E to 150E by wet deposition on an annual average. The results 
of our model simulation indicate that more dust is wet deposited during spring and 
summer, than in autumn and winter. This study also suggests that wet removal process 
plays a larger role in dust removal for Asian dust (15% of dust crossing the 105E plane) 
than Saharan dust (10% of dust crossing the 10W plane). This larger loss is due to the 
abundant rainfall over Asia (especially in spring and summer) leading to greater local 
dust removal than over the Sahara.  
The dust mass flux from the Sahara in 2007 is about 3 times greater than that 
from Asia across a plane that is 45 degrees longitude from the source. Table 1 shows 
the factors that contribute to the differences of the total dust fluxes between Asian dust 
 
Figure 3.9 Modeled monthly dust wet deposition between 25N to 55N for regions 
between 105E to 150E, 150E to 195E, and 195E to 240E for Asian dust in 2007. 
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and Saharan dust as simulated from the coupled CAM3.0/CARMA2.3 model in year 
2007.  We can see the wet and dry deposition processes have similar magnitudes for 
Asian and Saharan dust. Although most of the dust is removed in transport over these 
distances, deposition is not the major mechanism causing the differences in the total 
dust fluxes between the two dust sources. The soil erodibility factor (the fraction of the 
grid cell for which dust lifting occurs if the threshold wind velocity is exceeded) is not a 
function of time in the model. There are the similar values of the area averaged soil 
erodibility factor (0.078 for Asian deserts and 0.081 for Saharan deserts). The total areas 
of the dust sources are 2.07x106 km2 and 8.95x106 km2 for Asian deserts and Saharan 
deserts, respectively.  However, the annual averaged areas over which dust lifting 
occurs (when wind exceeds the threshold velocity, which is related to the particle size 
distribution and soil moisture) are 1.33x106 km2 and 4.17x106 km2 for Asian deserts and 
Saharan deserts, respectively, based on the model simulations. The areas over which 
dust lifting occurs in various seasons in Saharan deserts are 3.97x106 km2 (spring), 
4.53x106 km2 (summer), 4.25x106 km2 (fall), and 3.94x106 km2 (winter). The areas over 
the Asian deserts are 1.67x106 km2 (spring), 1.15x106 km2 (summer), 1.20x106 km2 (fall), 
and 1.31x106 km2 (winter). Therefore the different areas over which dust is lifted 
contributes about a factor of 3 to the difference in total dust lifting between the two 
sources in 2007. A factor of three is also about the difference in the spring and summer 
lifting between the Sahara and Asia, so that the area over which dust is lifted dominates 
the difference between the amounts of dust lifted. We also calculated the seasonal mean 
power-averaged wind over the dust lifting areas. The amount of dust lifted in the source 
function is directly proportional to the power in the wind. The values of the power-
averaged winds are 4.9 m/s (spring), 5.5m/s (summer), 5.3 m/s (fall), and 4.7 m/s 
(winter) for Saharan deserts. And the values of the power-averaged winds are 4.9 m/s 
(spring), 3.6m/s (summer), 4.0 m/s (fall), and 4.3 m/s (winter) for Asian deserts. So the 
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annual-averaged and power averaged winds for Asian deserts and Saharan deserts are 
4.2 m/s and 5.1 m/s, respectively. The wind speeds are the same between the Sahara 
and Asia in the spring, so when Asia has most of its dust events it is the area of the 
source that dominates the difference between Asian and African dust fluxes. However in 
other times of the year low winds speeds cause Asia to be a less important dust source. 
Over the year, wind speed contributes about a factor of 1.7 (the lifting depends on the 
third power of the wind) to the differences of the total dust fluxes between the African 
and Asian sources. Soil moisture and snow can be seen as restricting the area of the 
dust sources, or the magnitude of the dust lifting. The soil moisture (the volumetric soil 
water in the model) is different between the two sources with an annual mean value of 
0.1 mm3/mm3 for Asian deserts and 0.03 mm3/mm3 for Saharan deserts (Table 1). The 
dust flux is not linearly proportional to the soil moisture. Soil moisture contributes about a 
factor of 10% to the total dust flux differences between the two sources.  Other factors 
that affect the dust flux differences between the two sources can be snow and 
vegetation (the annual total snow is 778 mm over Asian deserts in 2007 and it is around 
zero for Saharan deserts in 2007 in the model).  Snow and vegetation limit the area of 
dust lifting, not the magnitudes of dust lifting in our model. 
 
4.2 Dust Vertical Distribution 
 
We would like to know if Asian and African dust has the same vertical distribution, 
and to understand how the vertical distribution of dust impacts the downwind transport 
and properties of dust. As we noted in the previous section the removal over 45 degrees 
of longitude is similar for Africa and Asia. However, because these deserts are at 
different latitudes, the times to go these distances are shorter by about 20% for the 
Asian dust, assuming the wind speeds are similar. However, the mean wind speed at 
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30N-50N latitude is higher than at 10N-30N latitude, so in fact the Asian dust is traveling 
faster than the Saharan dust and so has even less time to be removed. In net the Asian 
dust has about 25% less time to be removed than the African dust considering both 
distance and wind speed. We compare the vertical distribution of Saharan dust with that 
of Asian dust and explore how each evolves downwind of their respective source. We 
use data from the CALIOP instrument on CALIPSO for this comparison.  
We investigated a case study of dust transport for Saharan dust and one for Asian 
dust. Over the tropical and subtropical regions the cloud coverage is very high, which 
makes it hard to acquire enough cloud-free profiles to create case studies. Due to the 
availability of CALIPSO measurements, we take Aug. 17 to Aug. 28 of 2006 as an 
example of Saharan dust, and May 07 to May 10 of 2007 as an example of Asian dust.  
CALIPSO profile level 1B data contains measurements of Total Attenuated 
Backscatter at 532nm  (TAB_532) and of Perpendicular Attenuated Backscatter at 
532nm (PAB_532).   Following Fernald et al. (1972 and 1984), Young et al. (2008), Liu 
et al. (2008b), and Cuesta et al. (2009), the dust vertical extinction (km-1) at 532nm can 
be calculated (here we assume the aerosol layer is homogeneous along the laser beam) 
by 
 
                                                                                   (3.1) 
 
Where  is the total attenuated backscatter at 532nm (km-1sr-1),  is the vertical 
extinction (km-1),  is the lidar ratio (44 for this study based on Liu et al. (2006)), and 
 is the detected layer height. We also screen out the cloud from CALIPSO profile 
level 1B data based on the CALIPSO cloud layer level 2 data based on Liu et al. 
(2008b).  Nighttime CALIPSO measurements primarily are used in this study because 
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they have less noise. However we use the daytime data for Aug. 25 and 28 because the 
nighttime data are not available. We expect additional solar background noise in 
measurements on these two days.  
Figure 3.3 shows the map of CALIPSO tracks for Saharan dust used in this study (Aug. 
17 to Aug. 28 of 2006). The asterisks indicate the dust transport path for Saharan 
Deserts from Aug. 17 (most easterly asterisk) to Aug. 28 (most westerly asterisk) of 
2006.  It should be noted that there are two dust plumes on Aug. 17 of 2006 (as two 
asterisks denoted), which merged together before it begins its long-range transport 
across the Atlantic on Aug. 18 of 2006. We averaged these two profiles on August 17. 
We used the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model 
(Draxler and Rolph, 2003) (http://www.arl.noaa.gov) to trace the downwind evolution of 
Saharan and Asian dust. The HYSPLIT model can be configured to compute air parcel 
trajectories for complex dispersion and deposition simulations based on the wind fields 
from the National Center for Environmental Prediction (NCEP) analyses. We averaged 
the CALIPSO data every 120-laser shots over about 40 km along the track around the 
regions marked by asterisks.  Figure 3.10 presents the results of the comparison of the 
vertical distribution (extinction at 532nm) of Saharan dust between the model (solid 
marked lines) and CALIPSO data by Eq. (3.1) (dashed lines) from Aug. 17 to Aug. 28 of 
2006. The simulated dust vertical distribution of Sahara dust is generally consistent with 
CALIPSO (lidar) retrievals.  However, on some days, such as from Aug. 19 to Aug. 23 
the model does not capture the sharp layer top that is observed by CALIPSO. Probably 
the model lacks enough vertical resolution to fully resolve the layer top. However, it is 
also possible that the upper parts of the layer have been advected horizontally away 
from the lower parts and the model has not properly captured that transport.  
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The Sahara dust layers descend over time with the top altitude starting at about 7km on 
Aug. 17 and reaching the marine boundary layer on Aug. 28.  The typical magnitude of 
the vertical extinction (vertical average through the dust layer) decreases from 0.023 km-
1 (averaged from the CALIPSO data) and 0.027 km-1 (averaged from the model) on Aug. 
17 to 0.01 km-1 (averaged from the CALIPSO data) and 0.007 km-1 (averaged from the 
model) on Aug. 28. The dust resides in a well-mixed layer about 2km thick (between 1 to 
3km in altitude) as it advects west and enters the Caribbean Sea on Aug. 23. Colarco et 
al. (2003b) found a similar layer over the Caribbean but located between 3 to 5 km in 
altitude during the Puerto Rico Dust Experiment (June-July 2000).  
The descent of the Saharan dust layers during transport was recognized 
previously by Colarco et al. (2003b) who suggested it was due partly to particle 
 
Figure 3.10  Comparison of vertical distribution of Saharan dust between model     
 simulations and CALIPSO observations in August of 2006. 
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sedimentation. On the other hand, Doherty et al. (2008) suggested the descent is 
dominated by vertical air motions. The Sahara Air Layer (SAL) is affected by the Azores  
high. The Azores High usually extends westward from the Azores toward Bermuda. It  
becomes stronger and moves north toward the Iberian Peninsula in summer. 
Descending air in the Azores High will cause the top of the SAL to descend as air is 
transported to the Caribbean Sea from West Africa. The transport of dust in the SAL  
from West Africa to the Caribbean Sea took about one week (Aug. 17 to Aug. 25.). The 
mean vertical velocity of the dust descent is about 6.3 mm/s based on the vertical 
extinction profiles of Aug. 17 to Aug. 25, 2006. Liu et al. (2008b) found that the mean 
descending velocity of the top of the Saharan dust layer is about 6 mm/s for transport 
from the west coast of Africa to the Caribbean Sea based on depolarization profiles for 
these same days in August 2006. The HYSPLIT model showed that the SAL descended 
Figure 3.11 Back trajectory ensemble of Sahara dust for Caribbean Sea from 27 August to 
22 August in 2006 (left) and from 22 August to 17 August in 2006 (right) using HYSPLIT 
model for altitude 1000m (left) and 2500m (right). The horizontal trajectory components (top) 
and the vertical components (bottom) are shown in the figures. We chose two back trajectory 
ensemble runs because the maximum ensemble run time of HYSPLIT is 120 h. 
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between West Africa and the Caribbean Sea from Aug. 17 to Aug. 27 at about 4.0 mm/s 
(Figure 3.11). The difference between the dust descent rate (6.3 mm/s) and the air 
descent rate (4.0 mm/s) is consistent with the fall velocity of dust particles around 2 µm 
in size.  Hence about one third of the descent rate of the dust is due to sedimentation 
and two thirds to the descent of the air in the case studied. 
Figure 3.7 shows the map of CALIPSO tracks for Asian dust used in this study 
(May 07 (most westerly track) to May 10 (most easterly track) of 2007). The asterisk and 
the cross marks indicate two dust transport paths for Asian dust from May 07 to May 10 
of 2007. We averaged 120-laser shots from CALIPSO over about 40km along the track 
both at the asterisk and cross mark points. The paths differ by the altitude of the dust 
layer. The track to the south was followed by dust below 3 km, and the track to the north 
by dust above 3 km. The transport paths are tracked by the HYSPLIT model. Vertical 
shear of the wind prevented a “SAL-like” layer from advecting away from the dust 
source.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12  Comparison of vertical distribution of Asian dust between model     
simulations and CALIPSO observations in May of 2007. 
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The simulated dust vertical distribution of Asian dust is consistent with CALIPSO 
(lidar) retrievals (Figure 3.12). Asian dust shows multiple layers (two layers in the case 
studied) during transport. One layer is at the altitudes between about 4.5-6.5 km (and is 
located to the north along the asterisks in Figure 3.7) and shows little descent, while the 
other, lower layer top descends with time from 3km on May 07 to 1km on May 09 (there 
are no data available below 1 km on May 10 2007). The HYSPLIT model showed that 
the air between 4.5-6.5 km ascended at about 0.4 cm/s during transport from May 07 to 
May 10 of 2007 along the CALIPSO tracks (Figure 3.13). Such ascent is enough to 
compensate for the sedimentation of particles as large as 3-4 µm. This ascent is 
consistent with the mid-latitude frontal cyclones, which not only generate dust storms, 
but also lift Asian dust into the upper troposphere and transport it along the westerly jet. 
 
Figure 3.13 Back trajectory ensemble of Asian dust for Pacific Ocean from 10 May to 7 May 
2007 using HYSPLIT model for altitude 6500 m. The horizontal trajectory components (top) 
and the vertical components (bottom) are shown in the figure. Note the back trajectory goes 
from right (the black star at Pacific Ocean) to left (Asian Desert) (top) and it goes from left 
(the black star at 6500 m) to right (multiple levels) (bottom). 
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The behavior of the upper and lower dust layers is consistent with results from Huang et 
al. (2008).  
The magnitude of the vertical extinction for the higher layer decreases from 
0.1km-1 (averaged from the CALIPSO data) and 0.12 km-1 (averaged from the model) on 
May 07 to 0.04 km-1  (averaged from the CALIPSO data) and 0.05 km-1 (averaged from 
the model) on May 10 2007.  There is a larger magnitude change for the extinction in the 
lower dust layer, which changes from 0.135 km-1 (averaged from the CALIPSO data) and 
0.15 km-1 (averaged from the model) on May 07 to 0 (averaged from the CALIPSO data) 
and 0.05 km-1 (averaged from the model) on May 09 2007.  
In conclusion we find the vertical distributions of Asian and African dust are 
different. African dust is in a deep layer, the SAL, which descends at about 6 mm s-1 as it 
crosses the Atlantic. Asian dust does not form a deep layer, but is split by vertical wind 
shear into two layers in the case studied. Unlike African dust, the top layer shows no 
evidence of descent during transport.  
 
3.4.3 Dust Size Distribution 
 
The dust size distribution can be important for optical properties such as the 
wavelength dependence of the optical depth, and the single scattering albedo. Small 
particles (0.1 to 1.0 µm diameter) have larger scattering and absorbing cross sections 
per unit mass than large particles (Seinfeld and Pandis, 1998). We would like to know if 
Saharan and Asian dust particles have similar or different size distributions.  
Figure 3.14 shows the 532-nm volume depolarization ratio from Saharan dust (around 
15.02N, 6.90W) measured by CALIPSO on July 21which goes near the AERONET site 
at Dakar. The dust fills the SAL from the ground to about 6 km altitude. There are cirrus 
clouds around 10N, 8W at 11 to 14 km altitudes that are distinguished from dust by their 
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height and the fact that the lidar beam is almost totally attenuated beneath the cirrus. 
The volume depolarization ratio is computed from the total attenuated backscatter in the 
CALIPSO version 1 data products following Cairo et al. (1999) and Liu et al. (2008): 
 
                                                                              (3.2)  
 
Where  and  are the components of the backscatter signal polarized 
perpendicular to the polarization plane of the linearly polarized laser pulse due to the 
molecular scattering and particulate scattering at range  and at the laser wavelength 
532nm, respectively.  and  are the components of the backscatter 
signal polarized parallel to the polarization plane of the linearly polarized laser pulse due 
to the molecular scattering and particulate scattering at range  and the laser 
wavelength 532nm, respectively.  The values of the volume depolarization ratio of dust 
aerosols are usually between 0.06 to 0.3, whereas the ratio is below 0.06 (close to zero) 
for other aerosol types (Liu et al., 2008).  The relatively high values of the dust 
 
Figure 3.14 The 532-nm depolarization ratio for Saharan dust on 21 July 
2007. Red characters “c” and “d” represent “clouds layers” and “dust 
plumes”, respectively. 
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depolarization ratios are due to the nonsphericity and large size of dust particles. 
Figure 3.15 shows the dust depolarization profile for Asian dust on 23 May 2007. 
Dust extends to about 8 kilometers over the Gobi Deserts (between 45.0254N, 109.356E 
and 40.0556N, 107.684E) on 23 May 2007, but does not make a continuous layer to the 
surface.  
We compare the dust size distributions between Saharan and Asian dust during 
dust outbreaks. Considering the availability of AERONET observations, we choose 
Dakar on 22 July 2007 and Xianghe on 24 May 2007, which are close to dust sources, to 
represent Saharan and Asian dust, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16 and Figure 3.17 present the modeled volume size distribution of 
Saharan dust at Dakar and the modeled volume size distribution of Asian dust at 
 
Figure 3.15 The 532-nm depolarization ratio for Asian dust on 23 May 2007.  
Red characters “c” and “d” represent “clouds layers” and “dust plumes”, 
respectively. 
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Xianghe, respectively. The model simulations are compared to AERONET 
measurements in each figure.  The AERONET and modeled size distribution for 
Saharan dust in Fig. 16 show only one mode located near 1.0 µm for dust with radius 
larger than about 0.2 µm. The AERONET and modeled size distributions for Asian dust 
(Figure 3.17) shows two volume modes, one near 0.5 µm and one near 2 µm radius. It is 
interesting that the model reproduces both of these distributions even though it uses 
identical dust source functions in each case. These volume mode radii have been 
verified by previous field campaigns both in Asia and in Sahara.  McNaughton et al. 
(2009) indicated that the mode volume radius of the Asian dust is around 2µm radius 
based on the analysis from in-situ sampling of tropospheric aerosol during spring of 
2006 in Phase B of the Intercontinental Chemical Transport Experiment (INTEX-B).  
Nowottnick et al. (2010) also found that the mode volume radius of Saharan dust is 
around 1 micron radius based on sampling during the African Monsoon Multidisciplinary 
Analyses field campaign (August-September 2006). It should be noted that there are fine 
mode 
 
Figure 3.16 Modeled volume size distribution of Saharan dust in Dakar (14.39N, 
16.95W) constrained by AERONET measurements. 
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particles (such as nitrate, sulfate, and black carbon) in the AERONET size distribution 
data in Figure 3.16 and Figure 3.17 (mode around 0.1 µm), but such particles have not 
been included in our model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We suggest that the reason for the different numbers of size modes and the 
different mode radius values between African and Asian dust is related to the difference 
in mixing and in vertical ascent of the dust in the atmosphere. Over the Sahara there is 
strong mixing throughout the deep mixed layer.  Hence, while particles larger than about 
1 µm are influenced by sedimentation, the remainder are well mixed so the size 
distribution is relatively unimodal. Over Asia, the mixing occurs only in a shallow layer, 
and there is some ascent in the cyclonic circulation which lifts the dust.  Hence the size 
distribution is modified as particles larger than about 2 µm are able to fall against 
ascending air but smaller ones are not able to be removed by sedimentation. 
We conclude that the particle size distributions in Saharan and Asian dust 
 
Figure 3.17 Modeled volume size distribution of Asian dust in Xianghe  (39.75N, 
116.96E) constrained by AERONET measurements. 
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advected away from the sources likely differ, but these differences can be modeled 
using the same set of dust lifting functions. The differences are not related to surface 
mineralology or lifting rates, but rather to different vertical velocities and turbulent mixing 
rates during transport.  
3.4.4 Single Scattering Albedo    
Figure 3.18 compares of the single scattering albedo between the model 
simulations and the AERONET retrievals both for Asian (Gobi) Desert (Dalanzadgad 
(43.3N, 104.3E)) in April 2006 and the Sahara Desert (Tamanrasset_TMP (22.5N, 5.3E)) 
in July 2006. We choose these two locations and time periods because they are close to 
the dust sources (while Dakar and Xianghe which we analyzed for size distributions are 
downwind of dust sources), which minimize potential effects from air pollution, and also 
have cloud-screened and quality-assured AERONET data. Unfortunately size 
distributions retrieved from the AERONET data were not available for these sites on 
these days. 
For the model, we assume the real part of the complex refractive index (assumed 
to be 1.55) is independent of wavelength both for Asian dust and Saharan dust based on 
the AERONET retrievals (Dubovik et al., 2000; Lyamani et al., 2005) and previous 
studies (Patterson et al., 1977; Diaz et al., 2000; Liu et al., 2002). We use data on the 
imaginary part of the refractive index from AERONET site measurements at the dust 
source regions that should be dominated by relative pure mineral dust particles.  In 
downwind regions other pollutants such as nitrate, sulfate, and black carbon may alter 
the single scattering albedo. The imaginary part of the dust refractive index is 
constrained by the averaged AERONET value in April of 2006 at Dalanzadgad (0.0027, 
0.0022, 0.0017, 0.0013 with increasing wavelength at 440nm, 670nm, 870nm, and 
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1020nm, respectively) for Asian dust and in July of 2006 at Tamanrasset_TMP (0.0036, 
0.0031, 0.0026, 0.0020 with increasing wavelength at 440nm, 670nm, 870nm, and 
1020nm, respectively) for Saharan dust. Figure 3.18 shows that the averaged single 
scattering albedo is larger for Asian dust than the Saharan dust. This is consistent with 
previous work suggesting that the dust transported from Asia to the Pacific may not 
absorb as much light as the dust from the Sahara Desert (Sokolik and Toon, 1999). The 
Asian dust has a smaller imaginary refractive index than Saharan dust, which is main 
reason the Asian dust has a higher single scattering albedo near the source. The single 
scattering albedos may depend on size as well, particularly as the size distributions are 
modified downwind of the sources as discussed previously. It should be noted that some 
studies report much lower SSA values of Asian dust that in Fig.18 (Pandithurai et al., 
2008, Ge et al., 2010). The small SSA values ranging from 0.74 to 0.84 at 500nm 
reported by Pandithurai et al. (2008) originated from New Delhi, India, where dust is 
likely mixed with absorbing anthropogenic aerosols. The Zhangye site studied in Ge et 
al. (2010) is the center of the Hexi Corridor in China, which is 618km to the south of 
Dalanzadgad. The small SSA values ranging from 0.76 to 0.86 between 415nm to 
870nm in Zhangye reported by Ge to al. (2010) may also be explained by the local 
pollution. 
 
3.5 Summary and Conclusions 
 
Using our model we find that the yearly annual dust flux from Africa is about 3 
times greater than that from Asia. In general, it is observed that the dust optical depth is 
higher over the Atlantic than over the Pacific at similar downwind distances from the two 
dust sources.  The monthly-averaged optical depth is 0.382 and 0.339 over the Pacific at 
Osaka in May 2007 for AERONET data and model simulation, respectively. However, 
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the monthly-averaged optical depth is 0.613 and 0.579 over Atlantic at Capo Verde in 
July 2007 for AERONET data and model simulation, respectively. Hence even during 
peak months for dust lifting in Asia, smaller dust optical depths occur than during peak 
months in Africa. 
The annual dust flux near the dust source is about 1088Tg/year across 10W 
(10S-40N, 10W) and 355Tg/year across 105E (25N-55N, 105E) for Sahara and Asia in 
2007, respectively. Saharan deserts are largely south of 30N, while Asian ones are 
primarily north of 30N. This leads them to experience different meteorological regimes. 
Saharan dust lifting occurs all year long, primarily due to subtropical weather systems. 
The Saharan dust transport into the Caribbean is controlled primarily by a semi- 
permanent high, the Azores High. Dust lifting from African dust sources can be triggered 
and modulated by synoptic systems, such as African easterly waves. The dust outbreaks 
usually occur within the ridge region of passing easterly waves with a period of 5-7 days.  
In contrast, 45% of Asian dust was lifted in spring during the modeled year of 2007 when 
mid-latitude frontal systems lead to high winds. The seasonal variation of dust outbreaks 
in Asia is associated with the seasonal modulation of the wind speed.  Strong winds 
occur most frequently in spring in Asia due to the activity of the mid-latitude frontal 
systems. The mid-latitude frontal cyclones associated with intense cold fronts from 
Mongolia to northeastern China not only generate dust storms, but can also lift Asian 
dust into the westerly jet in the upper troposphere. 
Rainfall is more abundant over Asia during the dust lifting events than over the 
Sahara, leading to greater local dust removal than over the Sahara. However, wet 
removal is a small fraction of the total removal of dust, and removal processes do not 
account for the difference in annual dust flux between the Sahara and Asia.  Instead, the 
Sahara simply has about three times as much area with dust lifting as Asia because Asia 
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has smaller deserts and also more vegetation and snow cover, which suppresses dust 
lifting.               
During the major lifting season the power averaged winds over Africa and Asia 
are similar. However in other seasons Africa has stronger winds than does Asia, which 
further contributes to more dust lifting over Africa. The power-averaged wind contributes 
about a factor of 1.7 to the differences of the total dust fluxes between the two sources 
averaged over the year.  
The vertical distribution of Asian and African dust also differs in the cases we 
considered. The Saharan dust is primarily located in a deep layer, the SAL. The top of 
the layer descends during transport, which we conclude is mainly due to descending air 
in the Azores High. There are two noticeable layers of Asian dust during transport in 
May. One layer stays well above boundary layer, and does not descend with time. The 
other dust layer is in a shallow near surface boundary layer and descends with time. The 
transport of Asian dust is dominated by the westerlies at high altitudes, while it is 
controlled by regional weather systems and topography at lower altitudes. Sedimentation 
does not seem to play a significant role in the descent of long lasting layers. Horizontal 
wind shear can also play a role in creating elevated dust layers by moving dust 
horizontally, which is particularly important over Asia. 
The size distribution of Asian dust (at Xianghe) is bi-modal while that of Saharan 
dust (at Dakar) is uni-modal.  The volume size distribution of Asian dust peaks around 2 
microns, whereas it peaks around 1 micron for Saharan dust. Both model simulations 
and the AERONET retrievals show similar patterns. We suggest these differences 
originate from mixing in the boundary layers, and the vertical winds that occur during 
transport. For the case we studied, winds over Africa were descending in a well-mixed 
deep boundary layer, while those over Asia were ascending and there was no deep 
boundary layer.  The ascending winds may have strong enough to loft micron sized dust. 
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We assume the real part of the complex refractive index is independent of 
wavelength (1.55) both for Asian dust and Saharan dust based on the AERONET 
retrievals and previous studies. We use data on the imaginary part of the refractive index 
from AERONET site measurements near the dust source regions. We find that the 
average single scattering albedo is larger for Asian dust than the Saharan dust. This is 
consistent with the refractive indecies inferred by AERONET for the two dust sources, 
and with a previous study that the dust transported from Asia to the Pacific may not 
absorb as much light as the dust from the Sahara.  As the size distribution evolves 
downwind of the sources due to the vertical winds experienced during transport, and as 
pollutants are added to the dust, the single scattering albedos will evolve. 
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                                           Chapter 4  
Radiative Effects of Asian Dust on Climate Investigated with an Integrated   
                    Microphysical-Climate-Radiation Model 
 
4.1 Introduction 
East Asia has high aerosol optical depths that result partly from air pollution, and 
partly from desert dust. Here we explore the role that dust plays in the climate and 
radiation budget of China, and the surrounding countries. There are large uncertainties 
in estimating the radiative effects of dust on climate. Dust affects both the longwave and 
shortwave radiation because dust particles are relatively large. The net radiative forcing 
could be either negative or positive depending on the surface albedo, dust vertical 
distribution, and various optical properties of dust aerosols (Liao and Seinfeld, 1998). 
Dust generation responds to changes in weather and climate since wind speed and soil 
moisture are critical in controlling dust lifting. Likewise, it is possible that weather and 
climate may respond to dust amount. We use a microphysical-climate-radiation model to 
attempt to limit some of these uncertainties and gain a better understanding of the role of 
dust in the climate of China.   
Several studies have previously considered the effects of dust on the radiation 
budget of China, and have identified the single scattering albedo (SSA) as especially 
critical to quantifying the radiation budget. Huang et al. (2009) used data from Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and Cloud and 
the Earth’s Energy Budget Scanner (CERES) to constrain radiative transfer calculations 
and found the net radiative heating rate could reach 5.5 K day-1 at 5 km with a typical 
value of 1-3 K day-1 in dust layers over the Taklimakan desert in Asia. They also found 
that the net radiative forcing at the top of the atmosphere (TOA) was positive (warming) 
and that longwave radiation contributed two-thirds of the radiative forcing. About 90% of 
 85 
the atmospheric warming was contributed by shortwave radiation. There were the similar 
radiative effects at the surface where longwave warming offset about one third of the 
shortwave cooling.  
Huang et al.’s (2009) conclusion that TOA net forcing is positive depends on 
assuming a relatively low value of SSA of about 0.89 at a wavelength of 0.67 µm over 
the Taklimakan desert. Ge et al. (2011) used ground-based instruments to determine 
that the single scattering albedo was about 0.83, which is even lower than suggested by 
Huang etal. (2009). These SSA values are much lower than suggested in previous 
studies of desert dust around the world. Forster et al. (2007) suggested a global mean 
SSA of 0.96 for desert dust based on spectrally dependent, simultaneous remote and in 
situ observations. Dubovik et al. (2002) gave an average SSA of 0.95 at 0.67 µm based 
on long-term AERONET observations over the Saharan desert. Mikama et al. (2006) 
suggested a SSA value of 0.93 over the Asian desert during the Aeolian Dust 
Experiments on Climate (ADEC). Su and Toon (2011) used a small set of AERONET 
observations to suggest the SSA of the Saharan dust may be about 0.035 lower than 
Asian dust. The values in the study of Su and Toon (2011) at 0.67 µm were about 0.96 
for Asian dust. However, the single scattering albedo is wavelength dependent and 
reaches much lower values below 0.5 µm. All these relatively high SSA will result in 
different shortwave radiative forcing compared with Huang et al. (2009) and Ge et al. 
(2011). 
An alternative approach to determining the SSA instead of using optical 
observations, is to use wavelength dependent refractive indices measured for dust 
samples together with scattering theory to determine the SSA for different sized 
particles. Generally, climate models use this approach since the radiative properties are 
usually not available from observations for all possible circumstances. For example, the 
SSA is directly dependent on dust size distributions that vary in space and time. Dust 
 86 
optical properties are very sensitive to small dust particles (0.1-1.0 um diameter) 
because of their larger scattering and absorbing cross sections per unit mass relative to 
large particles (Claquin et al., 1998; Seinfeld and Pandis, 1998).  Su and Toon (2009, 
2011) reproduced observed dust size distributions using the coupled climate-
microphysical model, CAM3/CARMA2.3, with 16 dust size bins having central radius 
covering the range from 0.1 to 10 µm. Using refractive indices from AERONET 
observations, the computed wavelength dependent SSA were close to those derived by 
AERONET.  Claquin et al. (1998) argued that using the refractive indices for a few 
wavelength or using wavelength averaged ones would bring large errors in calculating 
radiative fluxes so computing wavelength dependent values is important. The refractive 
indices depend on composition, which can vary between various regions (Sokolik and 
Toon, 1996; Claquin et al., 1998; Shi et al., 2005).  Shi et al. (2005) provided an updated 
dataset of refractive indices for a wide spectral range (about 0.1 to 100 µm) representing 
East Asia dust based on the dust collected from the Taklimakan desert. Shi et al. (2005) 
used a simple single radiative-convective model to simulate dust radiative fluxes with 
specified dynamics and surface albedo. Their size distribution and refractive indices 
yield SSA near 0.94, which is on the high side of the range that is suggested by 
observations. 
 Here we explore the importance of the uncertainty in the SSA to the radiative 
effects of dust on the climate of China. We employ Mie theory and the refractive indices 
of Shi et al. (2005) as an initial case, but then scale the refractive indices to consider 
more absorbing aerosols as suggested in Ge et al. (2011). The integrated three-
dimensional microphysical-climate-radiation model used in this study allows us to 
consider interactions with the local surface albedo and emissivity, evolution of the size 
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distribution in time, the vertical distribution of the dust as well as transport of dust 
aerosols vertically and horizontally.  
 
4.2 Model description 
 
The integrated three-dimensional microphysical-climate-radiation model based on 
the NCAR Community Atmosphere Model (CAM5) (Neale et al., 2010) and the 
University of Colorado/NASA Community Aerosol and Radiation Model for Atmospheres 
(CARMA3.0) (Toon et al., 1988; Jensen et al., 1994; Ackerman et al., 1995) is a new 
coupled numerical model. Su and Toon (2009, 2011) employed CARMA2.3, coupled 
with CAM3.0. The new version of CARMA, CARMA3.0, provides a computational 
interface currently being used for various microphysical models of polar stratospheric 
clouds, cirrus, dust, sulfate, sea salt, and black carbon. The microphysics and structure 
in CARMA3.0 is nearly identical to that in CARMA2.3, but the code has been updated to 
Fortran 90, and made compatible with the NCAR CAM5 model. CARMA3.0 is a bin-
resolved column aerosol-microphysical sectional model. CARMA3.0 generates optical 
properties using Mie theory for aerosol optical properties such as extinction optical 
depth, single scattering albedo, and asymmetry factor. These optical properties are 
passed to the radiation scheme in CAM5.  
CAM5 uses the Rapid Radiative Transfer Model for GCMs (RRTMG).  RRTMG is 
used to calculate the radiative fluxes and heating rates for the radiatively active particles 
with an efficient and accurate modified correlated-k method both for the shortwave 
bands (14 bands between 0.2 µm to 12.2 µm) and longwave bands (16 bands from 3.1 
µm to 1000 µm) (Iacono et al., 2008).  
I use a horizontal resolution for CAM5/CARMA3.0 of 1.9o x 2.5o degrees, with 30 
hybrid vertical model layers from the surface to about 40 km. We use 16 dust size bins 
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with central radius covering the range from 0.1 to 10 µm to parameterize the modified 
Ginoux et al. (2001) dust source function as discussed in Su and Toon (2009 and 2011). 
The coupled CAM5-CARMA3.0 is driven by offline meteorological fields from NCAR and 
the National Center for Environmental Prediction (NCEP) reanalysis package (Rasch et 
al., 1997). 
As stated in Huang et al. (2009), most Asian dust studies have focused on spring. 
However, the CALIPSO lidar observations show that dust plumes occur throughout the 
year over Taklimakan desert (Liu et al., 2008a) and it showed heavy dust storm weather 
during summer (Huang et al., 2007) due to low precipitation (Laurent et al., 2006). In this 
study, we chose to consider the effects of dust on China in July 2006 to be consistent 
with the time period of the studies in Huang et al. (2009).  
 
4.3 Results 
4.3.1 Optical properties of dust aerosols over East Asia 
I simulated the dust optical properties, such as dust optical depth and single 
scattering albedo (SSA) using the coupled CAM5/CARMA3.0 model based on the 
approach described in Su and Toon (2009).  We define the real part of the complex 
refractive index of dust particles as 1.55, which is wavelength independent and 
consistent with previous studies (Patterson at al., 1977; Diaz et al., 2000; Liu et al., 
2002; Su and Toon, 2009&2011).  The imaginary parts of the complex refractive indices 
are constrained by the two cases mentioned above (case-Shi and case-Ge) based on 
radiative closure experiments.  
Shi et al. (2005) developed a set of data representing East Asian dust aerosols 
based on a field campaign in spring 2002 during the Sino-Japan joint project titled 
“Aeolian Dust and it’s Experiment on Climate Impact (ADEC)” period. The dust samples 
were collected in Cele (37o01’N, 80o44’E, 1363 m above sea) and the surrounding area, 
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which is south of Taklimakan desert in western China.  Shi et al. (2005) calculated 
downward diffuse flux using a refractive index model based on the weighted volumes of 
the main compositions of mineral dust particles collected in Cele. They also observed 
the spectral diffuse fraction in downward radiative flux using a spectrometer (Field Spec 
FR of ASD Inc., spectral region covers 350 to 2500 nm).  Then they compared the 
theoretically calculated refractive indices using the refractive index model with the 
measured ones using the spectrometer and obtained the ones that best fit the observed 
diffuse fractions. For case-Shi I used the imaginary part of the refractive index as 
indicated in Shi et al. (2005) from ADEC (0.004670, 0.002430, 0.002330, 0.002360 for 
wavelengths at 0.441 µm, 0.673 µm, 0.873 µm, and 1.022 µm, respectively). I use Shi et 
al. (2005) imaginary refractive indices for all other wavelengths in the infrared.  It should 
be noted that the longwave scattering effects are not presently included in RRTMG in 
CAM5.0. 
On the other hand, Ge et al. (2011) concluded that the imaginary part of the dust 
complex refractive index is 0.01 at 0.67µm based on radiative closure experiments in 
two field experiments, the U.S. Department of Energy Atmospheric Radiation 
Measurement (DOE/ARM) Program in 2008 and the Semi-Arid Climate and Environment 
Observation of Lanzhou University (SACOL) Program in 2010, during April to June over 
Northwest China. They measured the broadband total irradiance and the diffuse flux 
using a Pyranometer at the south edge of Gobi desert, and the optical properties of dust 
aerosols were derived from the Multi-Filter Rotating Shadowband Radiometer (MFRSR).  
We used the imaginary parts of refractive indices as (0.0192, 0.010, 0.00957, 0.00970) 
for wavelengths at 0.441 µm, 0.673 µm, 0.873 µm, and 1.022 µm, respectively in our 
model for case-Ge. At other wavelengths I used the same refractive indices as in case-
Shi. 
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Figure 4.1(a) shows the simulated column integrated mean optical depth in July 
2006 over East Asia at a wavelength of 0.67 µm. The optical depth is greater than 1 (the 
maximum is 1.6) near dust sources (Taklimakan desert and Gobi desert), and decreases 
as dust is transported downward (around 0.3 in Beijing area). The difference between 
case-Shi and case-Ge is less than 1%, which is consistent with the results in Ge et al. 
(2011) who compared their MFRSR cases with AERONET cases for dust optical 
properties for the two field experiments mentioned above. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1(a) Column integrated mean optical depth in July 2006 over East Asia at 
 λ = 0.67 µm (the difference between case-Shi and case-Ge less than 1%). 
 
Figure 4.1(b) Monthly mean optical depth in July 2006 over East Asia from MODIS. 
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Figure 4.1 (b) shows the monthly mean aerosol optical depth from MODIS in July 
2006. The maximum value (1.2) is comparable to the one (1.6) in Figure 4.1 (a) from 
model simulations. The AOD value in Beijing from MODIS data in Figure 4.1(b) is higher 
(0.6) compared with the model simulations (0.3).  This larger value is possibly due to 
other pollution being mixed with dust over the Beijing. 
 
 
 
 
 
 
 
 
 
 
 
 
Figur 4.1 (c) shows the simulated vertical dust extinction (km-1) along 40oN 
latitude (top) (crossing the Taklimakan desert) and along 47oN latitude (bottom) 
(crossing the Gobi desert).  It clearly shows that the maximum dust vertical extinction for 
the two deserts can be up to 0.1 km-1. 
 
 
Figure 4.1 (c) The simulated vertical dust extinction (km-1) along 40oN latitude 
(top) (crossing the Taklimakan desert) and the one along 47oN latitude (bottom)  
(crossing the Gobi desert). 
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The SSA is the most important variable for aerosol direct radiative forcing 
calculations. The magnitude of SSA is dependent on the dust size distribution, and the 
refractive index. We used the same dust source function and dust model for both case-
Shi and case-Ge, which means we use essentially the same dust size distribution for 
both cases. The major difference that affects the SSA values will be the refractive index 
for the two cases as defined above. Figure 4.2 (a) presents the simulated column 
integrated mean SSA for case-Shi (top) and case-Ge(bottom) in July 2006 over East 
Asia at a wavelength of 0.67 µm based on the two sets of refractive indices.  The SSA 
values are around 0.94 near the dust sources from case-Shi, whereas it’s about 0.82 for 
case-Ge. The SSA values increased during transport away from the source reaching 
0.96 for case-Shi and 0.84 for case-Ge in Japan. This increase in SSA is caused by the  
decreasing size of the particles as they move away from the source, since smaller 
particles have higher SSA for particles in this size range (Figure 4.2(b)). Figure 4.2 (b) 
shows the simulated monthly mean effective radius in July 2006.  The effective radius 
decreased from 2.8 µm near the dust sources to 2.2 µm near Japan. 
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Figure 4.2 (a) Column integrated mean single scattering albedo for case-Shi (top) 
and case-Ge (bottom) in July 2006 over East Asia at λ = 0.67 µm. 
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4.3.2  Radiative fluxes of dust aerosols 
Figure 4.3 shows the simulated monthly mean clear-sky net radiative fluxes at 
TOA from CERES (top), case-Shi (middle), and case-Ge (bottom) in July 2006 over East 
Asia. Both the patterns and the magnitudes of the net radiative fluxes (130 to 156 W m-2) 
are comparable between CERES and the two cases although the two cases 
overestimate the fluxes up to 10 W m-2. Figure 4.4 shows the differences in net radiative 
flux at TOA between case-Ge and case-Shi (case-Ge minus case-Shi) in July 2006.  The 
dust net radiative flux at TOA is larger in case-Ge than case-Shi, by up to 6 W m-2 near 
dust sources, and decreasing during dust transport away from the sourcecs The larger 
imaginary part of refractive index in case-Ge results in smaller SSA compared with case-
Shi. Therefore the dust aerosols from case-Ge may absorb more solar energy so less is 
reflected at TOA and the shortwave net flux is larger than in case-Shi.  
 
 
 
 
 
Figure 4.2 (b) Column monthly mean effective radius over East Asia in July 2006. 
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Figure 4.3 Monthly mean clear-sky radiative fluxes at TOA from CERES (top), 
case-Shi (middle), and case-Ge (bottom) in July 2006. 
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Figure 4.5 presents the change in the simulated monthly mean shortwave 
radiative fluxes at TOA due to dust radiative forcing (with dust minus without dust 
radiative forcing) from case-Shi (top) and case-Ge (bottom) in July 2006. The shortwave 
fluxes at TOA due to dust radiative forcing in case-Shi is negative (between 0 to -3.5 
W/m2) with the maximum smaller than -3.5 W/m2 near dust sources, whereas the values 
are positive in case-Ge (between 0 to 2.5 W/m2) with the maximum larger than 2.5 W/m2 
near dust sources. Figure 4.6 shows the simulated monthly mean net radiative fluxes at 
TOA due to dust radiative forcing from case-Shi (top) and case-Ge (bottom) in July 
2006. We come up with the similar patterns and the magnitudes comparing with Figure 
4.5.  We conclude that the radiative forcing at TOA is very sensitive to the SSA values, 
and the shortwave radiative forcing is the greatest difference between the Shi and Ge 
cases. Dust is likely to have only modest effects on the longwave forcing, as suggested 
by previous studies. Hansen et al. (1981) suggested that aerosol particles with SSA 
 
Figure 4.4.  Monthly mean differences between case-Ge and case-Shi for the net flux at 
TOA in July 2006. 
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higher than 0.85 may result in negative TOA forcing and the ones smaller than 0.85 may 
yield positive TOA forcing, which is consistent with Figure 4.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Change in monthly mean shortwave fluxes at TOA due to dust 
radiative forcing from case-Shi (top) and case-Ge (bottom) in July 2006.   
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Figure 4.6 Monthly mean net fluxes at TOA due to dust radiative forcing from case-Shi 
(top) and case-Ge (bottom) in July 2006. 
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Figure 4.7 shows the simulated monthly mean change in net radiative fluxes at 
surface from case-Shi (top) and case-Ge (bottom) in July 2006.  The change in the net 
fluxes at surface are both negative. As we defined the downward fluxes as positive, the 
positive radiative TOA flux (downward) and larger negative surface flux (upward) from 
case-Ge indicates larger dust direct radiative forcing in the atmosphere compared with 
the one from case-Shi, so there are greater warming effects to the atmosphere from 
case-Ge. 
 
 
Figure 4.7 Change in monthly mean net fluxes at surface due to dust radiative forcing from 
case-Shi (top) and case-Ge (bottom) in July 2006.   
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4.3.3 Dust heating rates 
Figure 4.8 shows the simulated daily mean shortwave (top), longwave (middle), 
and net (bottom) heating rates due to dust aerosols, respectively, for case-Shi (left 
panel) and case-Ge (right panel) over Taklimakan Desert (averaged between 37oN-40oN 
and 78oE-88oE) in July 2006. Note the difference in the scales between the longwave 
and shortwave heating. The shortwave radiation dominates the dust radiative effects and 
heats the atmosphere by absorbing shortwave solar energy. There is about 3 times 
larger heating in case-Ge compared with case-Shi for the shortwave heating rates in 
July 2006. The heating rates of shortwave radiation for case-Ge was up to 6 K day-1 on 
July 12 to 16 and July 28, 2006 in heavy dust layers, and around 3 K day-1 on other days 
in July 2006 over the Taklimakan desert.  For case-Shi, the maximum of the shortwave 
heating rates are about 2 K day-1 on July 12 to 16, 2006, and they are 1 K day-1 on other 
days in July 2006. 
The longwave radiative heating rates show (Figure 4.8 (middle)) warming effects 
in and below dust layers and cooling effects on the top of dust layers both for case-Shi 
and case-Ge with maximum heating near the surface.  There is more dust heating in 
case-Ge than case-Shi and it is up to 0.5 K day-1 on July 14 2006 for case-Ge, whereas 
it is around 0.1 K day-1 for case-Shi. The longwave cooling rates on the top of the dust 
layers are around -0.2 K day-1 for both two cases. This longwave cooling is smaller than 
the dust heating rates in the same layers.  
The net dust heating rates (Figure 4.8 (bottom)) are positive through out the dust 
layers in the atmosphere both for case-Shi and case-Ge in July 2006. The maximum  
 101 
 
  
 
  
Figure 4.8 Daily mean heating rates for shortwave (top), longwave (middle), and net (bottom) 
for case-Shi (left panel) and case-Ge (right panel) over Taklimakan Desert in July 2006.  
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Figure 4.9 Daily mean heating rates for shortwave (top), longwave (middle), and net (bottom) for 
case-Shi (left panel) and case-Ge (right panel) over Beijing in July 2006. 
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heating rates can up to 6 K day-1 in case-Ge on July 12 to 16 2006, whereas it is 2 K 
day-1 for the same time period in case-Shi.  
Figure 4.9 shows the simulated daily mean shortwave (top), longwave (middle), 
and net (bottom) heating rates due to dust aerosols, respectively, for case-Shi (left 
panel) and case-Ge (right panel) over the Beijing area (averaged around 40oN and 
116oE) in July 2006.  The shortwave radiation still dominates the dust radiative effects 
and heats the atmosphere by absorbing shortwave solar energy. There is about 3 times 
larger heating for case-Ge compared with case-Shi for the shortwave heating rates in 
July 2006. The heating rates of shortwave radiation for case-Ge can be up to 2 K day-1 
on July 9 and July 23, 2006 in relatively heavy dust layers, and around 0 to 1 K day-1 on 
other days in July 2006 over Beijing area.  For case-Shi, the maximum of the shortwave 
heating rates is about 0.6 K day-1 on July 12 to 16, 2006, and they are -1 to 0.3 K day-1 
on other days in July 2006. Negative shortwave heating can result from the loss of light 
due to absorption by dust above the level of interest. 
The longwave radiative heating rates show (Figure 4.9 (middle)) warming effects 
in dust layers and cooling effects below and on the top of dust layers both for case-Shi 
and case-Ge.  There is similar dust warming effects between case-Ge and case-Shi of 
up to 0.1 K day-1 in July 2006. The longwave cooling rates on the bottom and the top of 
the dust layers are around -0.2 K day-1 for both two cases.  
The net dust heating rates (Figure 4.9 (bottom)) are positive through out the dust 
layers in the atmosphere both for case-Shi and case-Ge in July 2006. The maximum 
heating rates can up to 2 K day-1 in case-Ge on July 9 and July 23 2006, whereas it is 
0.6 K day-1 for the same time period in case-Shi. 
Figure 4.10 shows the simulated daily mean shortwave (top), longwave (middle), 
and net (bottom) heating rates due to dust aerosols, respectively, for case-Shi (left  
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Figure 4.10 Daily mean heating rates for shortwave (top), longwave (middle), and net (bottom) 
for case-Shi (left panel) and case-Ge (right panel) over Sea of Japan in July 2006. 
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panel) and case-Ge (right panel) over the Sea of Japan in July 2006.  The shortwave 
radiation has similar magnitudes as the longwave radiation over the Sea of Japan. The  
heating rates due to shortwave radiation for case-Ge is up to 1.2 K day-1 on July 24, 
2006. There are negative heating rates for both cases (such as on July 18 2006) near 
the surface over the Sea of Japan. This small cooling could be caused by the small 
ocean surface albedo that reflects little solar radiation so it has less chance to be 
absorbed by dust aerosols. The longwave radiative heating rates show (Figure 4.10 
(bottom)) more cooling near the surface compared with Taklimakan and Beijing cases 
both for case-Shi and case-Ge. The differences can be explained by the different 
surfaces for these locations. The Taklimakan desert has a brighter and hotter surface 
that emits more longwave radiation that can interact efficiently with large particles near 
the dust sources, whereas the dark and cold ocean emits less longwave radiation that 
has less chance to interacted with dust aerosols over the Sea of Japan.  The net dust 
heating rates (Figure 4.10 (bottom)) are generally positive.  
 
4.3.4 Surface temperatures  
 
 The model runs done to date are not sufficient to show changes in surface 
temperatures, because the model is constantly nudged back to observations.  In the 
future I plan to conduct free running simulations to better understand the different 
impacts on climate of the two choices of refractive index.   
Figure 4.11 shows simulated monthly mean surface temperatures differences 
between case-Ge and case-Shi (case-Ge minus case-Shi) in July 2006. Despite being 
nudged back to data, there are larger negative dust net radiative fluxes at surface in 
case-Ge compared with case-Shi near dust sources (Figure 4.7), which results in lower 
surface temperature (negative) in case-Ge than in case-Shi (Figure 4.11). This means 
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there is more dust radiative effects on surface temperature if we use a larger imaginary 
part of the dust refractive index  (such as 0.01 at 0.67 um) or a smaller SSA (0.82) in 
case-Ge compared with case-Shi (around 0.002 for refractive index  at 0.67um) and 0.94 
for SSA). 
 
 
 
 
 
Figure 4.11 Monthly mean surface temperatures at surface due to dust radiative forcing 
from case-Shi (top), case-Ge (middle), and differences between case-Ge and case-Shi in 
July 2006. 
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4.4 Conclusions  
 
The importance of the uncertainty in the SSA to the radiative effects of dust on 
the climate of China are explored through two case studies based on the modeled and 
observed solar diffuse fluxes/irradiances at the surface. The integrated three-
dimensional microphysical-climate-radiation model used in this study allows us to 
consider interactions with the local surface albedo and emissivity, evolution of the size 
distribution in time, the vertical distribution of the dust as well as transport of dust 
aerosols vertically and horizontally. 
The SSA values are around 0.94 near the dust sources from case-Shi, whereas 
they are about 0.82 for case-Ge. The SSA values increased during transport away from 
the source reaching 0.96 for case-Shi and 0.84 for case-Ge in Japan. This increase in 
SSA is caused by the decreasing size of the particles as they move away from the 
source, since smaller particles have higher SSA for particles in this size range. 
The change in net radiative flux due to dust at TOA is larger in case-Ge than 
case-Shi, by up to 6 W m-2 near dust sources, and decreasing during dust transport 
away from the sources The larger imaginary part of refractive index in case-Ge results in 
smaller SSA compared with case-Shi. Therefore the dust aerosols from case-Ge absorb 
more solar energy so less is reflected at TOA and the shortwave net flux is larger than in 
case-Shi. The radiative forcing at TOA is very sensitive to the SSA values, and the 
shortwave radiative forcing is the greatest difference between the Shi and Ge cases. 
The change in the net fluxes at surface due to dust are both negative. As I defined the 
downward fluxes as positive, the positive radiative TOA flux (downward) and larger 
negative surface flux (upward) from case-Ge indicates larger dust direct radiative forcing 
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in the atmosphere compared with the one from case-Shi, so there is greater warming of 
the atmosphere from case-Ge. 
There is about 3 times larger heating in case-Ge compared with case-Shi for the 
shortwave heating rates in July 2006. The heating rates due to shortwave radiation for 
case-Ge was up to 6 K day-1 on July 12 to 16 and July 28, 2006 in heavy dust layers, 
and around 3 K day-1 on other days in July 2006 over the Taklimakan desert.  For case-
Shi, the maximum of the shortwave heating rates are about 2 K day-1 on July 12 to 16, 
2006, and they are 1 K day-1 on other days in July 2006. 
The longwave radiative heating rates show warming effects in and below dust 
layers and cooling effects on the top of dust layers both for case-Shi and case-Ge with 
maximum heating near the surface.  There is more dust heating in case-Ge than case-
Shi and it is up to 0.5 K day-1 on July 14 2006 for case-Ge, whereas it is around 0.1 K 
day-1 for case-Shi. The longwave cooling rates on the top of the dust layers are around -
0.2 K day-1 for both two cases. This longwave cooling is smaller than the dust heating 
rates in the same layers. The longwave radiative heating rates show more cooling near 
the surface compared with Taklimakan and Beijing cases both for case-Shi and case-
Ge. The differences can be explained by the different surfaces for these locations. The 
Taklimakan desert has a brighter and hotter surface that emits more longwave radiation 
that can interact efficiently with large particles near the dust sources, whereas the dark 
and cold ocean emits less longwave radiation that has less chance to interact with dust 
aerosols over the Sea of Japan.  The net dust heating rates are generally positive.  
There are larger negative dust net radiative fluxes at surface in case-Ge 
compared with case-Shi near dust sources, which results in lower surface temperature 
(negative) in case-Ge than in case-Shi. This means there is more dust radiative effects 
on surface temperature if we use a larger imaginary part of the dust refractive index  
(such as 0.01 at 0.67 um) or a smaller SSA (0.82) in case-Ge compared with case-Shi 
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(around 0.002 for refractive index at 0.67um) and 0.94 for SSA). However, since my 
model temperatures are forced to data the model cannot fully represent the surface 
temperature differences due to the different SSA in these cases. 
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                                       Chapter 5 
                                       Summary 
In this study, we developed a three-dimensional coupled microphysical/climate 
model based on the NCAR CAM3 and CARMA2.3 models. Our goal was to test the 
model’s ability to reproduce the optical properties of dust from Asia, as it is transported 
across the Pacific Basin. The model simulations were conducted during the time frame 
of the ACE-Asia field experiment since considerable data are available for that time.  Our 
dust source function follows Ginoux et al. [2001]. We modified the source function by 
using the friction velocity instead of the 10-meter wind based on the wind erosion theory. 
The new threshold friction velocity formulation included both the inter-particle cohesion 
forces and the surface wetness factor based on the volumetric soil water for each 
particle size bin, which is important to the threshold wind speed of dust particles. 
The Weibull wind distribution was implemented in the model, using an incomplete 
gamma function, to treat the sub-grid scale velocity distribution since at the coarse 
resolutions of typical global models the “mean” wind speeds at each grid cell do not 
represent the lifting process well. The timing and magnitude of most dust events have 
been captured when a Weibull wind distribution, surface stress or 10 m wind is used in 
the model.  We tuned the dust lifting to reproduce a total dust emission around 210 Tg in 
spring of 2001 (March to May). Our conclusions differ from Liu and Westphal [2001] who 
found the 10 m winds did not capture all of the dust events in their study. Despite not 
finding this sensitivity in our work we believe it is important to include all of the physics 
related to the surface wind stress, and wind gusts since the physics may be important in 
cases other than the ones we examined. 
The modeled AOT is well correlated with the AERONET retrievals (R = 0.844) in 
the six study sites, and the results are not greatly biased relative to the observations 
since the slope of their relationship is close to 1. The modeled single scattering albedo is 
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within the error bars of AERONET retrievals near the dust sources.  SSA increased with 
increasing wavelength in both the model and observations. Comparing the modeled SSA 
over the Asian dust source region (Dunhuang) to studies elsewhere, I find that the 
observed single scattering albedo of dust has geographic variations. This variation could 
be caused by different dust compositions and/or background pollution not included in our 
model. 
The vertical profiles of dust are comparable to the ACE-Asia 2001 NIES-lidar 
observations in Beijing and Nagasaki. Generally, the model produced almost all the dust 
events in April 2001, such as the dust storms that occurred on April 2, April 4, April 7-8 
(the severe one), April 18, and April 28 in Beijing, and the dust events near the surface 
on April 12,13, and 14 and the dust in the free troposphere on 2, 23, 26 and 27 April of 
2001. However, the model did not predict the dust events near the surface on the 26 and 
27 of April at Nagasaki because wet deposition washed out the shallow level dust on 26 
of April, which indicates that further work is needed on the model wet deposition process 
between dust source and downwind regions, such as Nagasaki, Japan.  
           I have shown here that the model results are consistent with data taken during 
ACE-Asia. There is also a wealth of satellite data with which the model can be 
compared. The Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations 
(CALIPSO) satellite lidar retrievals will provide new insight into the broad scale dust 
vertical distribution.  However CALIPSO was not operating during the time frame of 
ACE-Asia. Hence, we present a comparison of model simulations with satellite data in 
chapter 3 using a different simulation time frame.  
Using my model we find that the yearly annual dust flux from Africa is about 3 
times greater than that from Asia. In general, it is observed that the dust optical depth is 
higher over the Atlantic than over the Pacific at similar downwind distances from the two 
dust sources.  The monthly-averaged optical depth is 0.382 and 0.339 over the Pacific at 
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Osaka in May 2007 for AERONET data and model simulation, respectively. However, 
the monthly-averaged optical depth is 0.613 and 0.579 over Atlantic at Capo Verde in 
July 2007 for AERONET data and model simulation, respectively. Hence even during 
peak months for dust lifting in Asia, smaller dust optical depths occur than during peak 
months in Africa. 
The annual dust flux near the dust source is about 1088Tg/year across 10W 
(10S-40N, 10W) and 355Tg/year across 105E (25N-55N, 105E) for Sahara and Asia in 
2007, respectively. Saharan deserts are largely south of 30N, while Asian ones are 
primarily north of 30N. This leads them to experience different meteorological regimes. 
Saharan dust lifting occurs all year long, primarily due to subtropical weather systems. 
The Saharan dust transport into the Caribbean is controlled primarily by a semi- 
permanent high, the Azores High. Dust lifting from African dust sources can be triggered 
and modulated by synoptic systems, such as African easterly waves. The dust outbreaks 
usually occur within the ridge region of passing easterly waves with a period of 5-7 days.  
In contrast, 45% of Asian dust was lifted in spring during the modeled year of 2007, 
when mid-latitude frontal systems lead to high winds. The seasonal variation of dust 
outbreaks in Asia is associated with the seasonal modulation of the wind speed.  Strong 
winds occur most frequently in spring in Asia due to the activity of the mid-latitude frontal 
systems. The mid-latitude frontal cyclones associated with intense cold fronts from 
Mongolia to northeastern China not only generate dust storms, but can also lift Asian 
dust into the westerly jet in the upper troposphere. 
Rainfall is more abundant over Asia during the dust lifting events than over the 
Sahara, leading to greater local dust removal than over the Sahara. However, wet 
removal is a small fraction of the total removal of dust, and removal processes do not 
account for the difference in annual dust flux between the Sahara and Asia.  Instead, the 
Sahara simply has about three times as much area with dust lifting as Asia because Asia 
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has smaller deserts and also more vegetation and snow cover, which suppresses dust 
lifting.               
During the major lifting season the power averaged winds over Africa and Asia 
are similar. However in other seasons Africa has stronger winds than does Asia, which 
further contributes to more dust lifting over Africa. The power-averaged wind contributes 
about a factor of 1.7 to the differences of the total dust fluxes between the two sources 
averaged over the year.  
The vertical distribution of Asian and African dust also differs in the cases we 
considered. The Saharan dust is primarily located in a deep layer, the SAL. The top of 
the layer descends during transport, which we conclude is mainly due to descending air 
in the Azores High. There are two noticeable layers of Asian dust during transport in 
May. One layer stays well above boundary layer, and does not descend with time. The 
other dust layer is in a shallow near surface boundary layer and descends with time. The 
transport of Asian dust is dominated by the westerlies at high altitudes, while it is 
controlled by regional weather systems and topography at lower altitudes. Sedimentation 
does not seem to play a significant role in the descent of long lasting layers. Horizontal 
wind shear can also play a role in creating elevated dust layers by moving dust 
horizontally, which is particularly important over Asia. 
The size distribution of Asian dust (at Xianghe) is bi-modal while that of Saharan 
dust (at Dakar) is uni-modal.  The volume size distribution of Asian dust peaks around 2 
microns, whereas it peaks around 1 micron for Saharan dust. Both model simulations 
and the AERONET retrievals show similar patterns. We suggest these differences 
originate from mixing in the boundary layers, and the vertical winds that occur during 
transport. For the case we studied, winds over Africa were descending in a well-mixed 
deep boundary layer, while those over Asia were ascending and there was no deep 
boundary layer.  The ascending winds may be strong enough to loft micron sized dust. 
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I assume the real part of the complex refractive index is independent of 
wavelength (1.55) both for Asian dust and Saharan dust based on the AERONET 
retrievals and previous studies. We use data on the imaginary part of the refractive index 
from AERONET site measurements near the dust source regions. We find that the 
average single scattering albedo is larger for Asian dust than the Saharan dust. This is 
consistent with the refractive indices inferred by AERONET for the two dust sources, and 
with a previous study showing that the dust transported from Asia to the Pacific may not 
absorb as much light as the dust from the Sahara.  As the size distribution evolves 
downwind of the sources due to the vertical winds experienced during transport, and as 
pollutants are added to the dust, the single scattering albedos will evolve. 
The importance of the uncertainty in the SSA to the radiative effects of dust on 
the climate of China is explored through two case studies based on the modeled and 
observed solar diffuse fluxes/irradiances at the surface. The integrated three-
dimensional microphysical-climate-radiation model used in this study allows us to 
consider interactions with the local surface albedo and emissivity, evolution of the size 
distribution in time, the vertical distribution of the dust as well as transport of dust 
aerosols vertically and horizontally. 
The SSA values are around 0.94 near the dust sources from case-Shi, whereas 
it’s about 0.82 for case-Ge. The SSA values increased during transport away from the 
source reaching 0.96 for case-Shi and 0.84 for case-Ge in Japan. This increase in SSA 
is caused by the decreasing size of the particles as they move away from the source, 
since smaller particles have higher SSA for particles in this size range. 
The dust net radiative flux at the TOA is larger in case-Ge than case-Shi, by up to 
6 W m-2 near dust sources, and decreases during dust transport away from the sourcecs 
The larger imaginary part of refractive index in case-Ge results in smaller SSA compared 
with case-Shi. Therefore the dust aerosols from case-Ge absorb more solar energy so 
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less is reflected at TOA and the shortwave net flux is larger than in case-Shi. The 
radiative forcing at TOA is very sensitive to the SSA values, and the shortwave radiative 
forcing is the greatest difference between the Shi and Ge cases. The change in the net 
fluxes at surface are both negative. As we defined the downward fluxes as positive, the 
positive radiative TOA flux (downward) and larger negative surface flux (upward) from 
case-Ge indicates larger dust direct radiative forcing in the atmosphere compared with 
the one from case-Shi, so there are greater warming effects to the atmosphere from 
case-Ge. 
There is about 3 times larger heating in case-Ge compared with case-Shi for the 
shortwave heating rates in July 2006. The heating rates of shortwave radiation for case-
Ge was up to 6 K day-1 on July 12 to 16 and July 28, 2006 in heavy dust layers, and 
around 3 K day-1 on other days in July 2006 over the Taklimakan desert.  For case-Shi, 
the maximum of the shortwave heating rates are about 2 K day-1 on July 12 to 16, 2006, 
and they are 1 K day-1 on other days in July 2006. 
The longwave radiative heating rates show warming effects in and below dust 
layers and cooling effects on the top of dust layers both for case-Shi and case-Ge with 
maximum heating near the surface.  There is the same dust heating in case-Ge and 
case-Shi and it is up to 0.5 K day-1 on July 14. The longwave cooling rates on the top of 
the dust layers are around -0.2 K day-1 for both two cases. This longwave cooling is 
smaller than the dust solar heating rates in the same layers. The longwave radiative 
heating rates show more cooling near the surface compared with Taklimakan and 
Beijing cases both for case-Shi and case-Ge. The differences can be explained by the 
different surfaces for these locations. The Taklimakan desert has a brighter and hotter 
surface that emits more longwave radiation that can interact efficiently with large 
particles near the dust sources, whereas the dark and cold ocean emits less longwave 
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radiation that has less chance to interact with dust aerosols over the Sea of Japan.  The 
net dust heating rates are generally positive.  
There are larger negative dust net radiative fluxes at surface in case-Ge 
compared with case-Shi near dust sources, which results in lower surface temperature 
(negative) in case-Ge than in case-Shi. This means there is more dust radiative effect on 
surface temperature if we use a larger imaginary part of the dust refractive index  (such 
as 0.01 at 0.67 um) or a smaller SSA (0.82) in case-Ge compared with case-Shi (around 
0.002 for refractive index at 0.67um) and 0.94 for SSA). 
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